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Editorial 



Advances in Photosynthesis and Respiration 



I am delighted to announce the publication of the 
long-awaited Light-Harvesting Antennas, Volume 1 3 , 
edited by Beverley R. Green and William W. Parson 
in our Series Advances in Photosynthesis and 
Respiration. 

The present volume is a sequel to the following 
twelve volumes in the Advances in Photosynthesis 
and Respiration (AIPH) series. 



Published Volumes 

(1) Molecular Biology of Cyanobacteria (Donald 
R. Bryant, editor, 1994); 

(2) Anoxygenic Photosynthetic Bacteria (Robert 
E. Blankenship, Michael T. Madigan and Carl 
E. Bauer, editors, 1995); 

(3) Biophysical Techniques in Photosynthesis (Jan 
Amesz* and Arnold J. HofP", editors, 1996); 

(4) Oxygenic Photosynthesis: The Light Reactions 
(Donald R. Ort and Charles F. Yocum, editors, 
1996); 

(5) Photosynthesis and the Environment (Niel R. 
Baker, editor, 1996); 

(6) Lipids in Photosynthesis: Structure, Function 
and Genetics (Paul-Andre Siegenthaler and 
Norio Murata, editors, 1998); 

(7) The Molecular Biology of Chloroplasts and 
Mitochondria in Chlamydomonas (Jean David 
Rochaix, Michel Goldschmidt-Clermont and 
Sabeeha Merchant, editors, 1998); 

(8) The Photochemistry of Carotenoids (Harry A. 
Frank, Andrew J. Young, George Britton and 
Richard J. Cogdell, editors, 1999); 

(9) Photosynthesis: Physiology and Metabolism 
(Richard C. Leegood, Thomas D. Sharkey and 
Susanne von Caemmerer, editors, 2000); 

(10) Photosynthesis: Photobiochemistry and Photo- 
biophysics (Bacon Ke, author, 2001); 



(11) Regulation of Photosynthesis (Eva-Mari Aro 
and Bertil Andersson, editors, 2001); and 

(12) Photosynthetic Nitrogen Assimilation and 
Associated Carbon and Respiratory Metab- 
olism (Christine Foyer and Graham Noctor, 
editors, 2002). 

See <http://www.wkap.nl/series.htm/AIPH/> for 
further information and to order these books. Please 
note that the members of the International Society of 
Photosynthesis Research, ISPR (<http://www. 
photosynthesisresearch.org/>) receive special 
discounts. 



Light-Harvesting Antennas 

In 1932, at the California Institute of Technology, 
Pasadena, Assistant Professor of Biophysics Robert 
(Bob) Emerson (1903-1959) and his undergraduate 
student William (Bill) Arnold (1904- 2001) did the 
most remarkable experiment. Using brief saturating 
light flashes, spaced at optimum dark periods, they 
measured O 2 evolution in the green alga Chlorella by 
manometry, a technique that had been perfected 
earlier by Otto Warburg. The results were surprising: 
a maximum of only one O 2 molecule was evolved per 
2,400 chlorophyll molecules present. The concept 
that hundreds of chlorophyll molecules were 
associated with each ‘photoenzyme’ was bom. 
Since the quantum yield of O 2 evolution was high, 
Hans Gaflfron (1902-1979) and K. Wohl implied, in 
1936, that light energy absorbed by the bulk 
chlorophyll molecules is transferred among these 
molecules until it reaches the ‘photoenzyme.’ Now, 
we know that the bulk chlorophyll molecules, bound 
to proteins, serve as the ‘antenna,’ and the photo- 
enzyme is the ‘reaction center.’ 

Volume 13 {Light-Harvesting Antennas), edited 
by Beverley Green and William Parson, exposes 
before our very own eyes the structure and function 



^deceased 




of this intricate and marvelous machinery. The book 
is unique in the degree to which it emphasizes the 
integration of molecular biological, biochemical and 
biophysical approaches. The collaboration of these 
two editors with very different areas of expertise 
shows the advantages of such an approach: Beverley 
Green, whose photograph and a brief biography 
appears in this volume, is a biochemist who was one 
of the maj or players in untangling the light-harvesting 
pigment-protein complexes of higher plants and 
chromophyte algae; Bill Parson, whose photograph 
and a brief biography also appears in this volume, is 
a ‘very fast’ biophysicist who is well-known for his 
studies of the sub-picosecond events in which light 
energy is absorbed by antenna systems and transferred 
to photosynthetic reaction centers. The two editors 
have assembled an outstanding team of authors, all 
of international repute, representing a broad spectrum 
of interests, and coordinated the contributions to 
make a well-organized, understandable and compre- 
hensive volume. This book treats all aspects of 
photosynthetic light-harvesting antennas, from the 
biophysical mechanisms of light absorption and 
energy transfer to the structure, biosynthesis and 
regulation of antenna systems in whole organisms. It 
sets the great variety of antenna pigment-protein 
complexes in their evolutionary context and at the 
same time brings in the latest hi-tech developments. 
Throughout, there is a consistent attempt to deal with 
both biophysical and molecular biological infor- 
mation as it relates to different sides of the same 
question. It is ‘a real book with chapters,’ not a 
compilation of review articles. 

The Scope of the Series 

Advances in Photosynthesis and Respiration is a 
book series that provides, at regular intervals, a 
comprehensive and state-of-the-art account of 
research in various areas of photosynthesis and 
respiration. Photosynthesis is the process by which 
higher plants, algae, and certain species of bacteria 
transform and store solar energy in the form of 
energy-rich organic molecules. These compounds 
are in turn used as the energy source for all growth 
and reproduction in these and almost all other 
organisms. Virtually all life on the planet thus 
ultimately depends on photosynthetic energy 
conversion. Respiration, which occurs in mito- 
chondria and in bacterial membranes, utilizes energy 



present in organic molecules to fuel a wide range of 
metabolic reactions critical for cell growth and 
development. In addition, many photosynthetic 
organisms engage in energetically wasteful photo- 
respiration that begins in the chloroplast with an 
oxygenation reaction catalyzed by the same enzyme 
responsible for capturing carbon dioxide in 
photosynthesis. This series of books spans topics 
from physics to agronomy and medicine, from 
femtosecond (10'^^ s) processes to season-long 
production, from the photophysics of reaction centers, 
through the electrochemistry of intermediate electron 
transfer, to the physiology of whole organisms, and 
from X-ray crystallography of proteins to the 
morphology of organelles and intact organisms. The 
intent of the series is to offer beginning researchers, 
advanced undergraduate students, graduate students, 
and even research specialists, a comprehensive, up- 
to-date picture of the remarkable advances across the 
full scope of research on bioenergetics and carbon 
metabolism. 



Future Books 

The readers of the current series are encouraged to 
watch for the publication of the forthcoming books: 

(1) Photosynthesis inAlgae (Editors: Anthony W.D. 
Larkum, Susan Douglas, and John A. Raven); 

(2) Chlorophylls and Bacteriochlorophylls: 
Biochemistry, Biophysics and Biological 
Function (Editors: Bernhard Grimm, Robert J. 
Porra, Wolfhart Rudiger and Elugo Scheer); 

(3) Respiration inArchae and Bacteria. 2 volumes 
(Editor: Davide Zannoni ); 

(4) Chlorophyll a Fluorescence: A signature of 
Photosynthesis (Editors: George Papageorgiou 
and Govindjee); 

(5) Plant Respiration (Editors: Miquel Ribas- 
Carbo and Hans Lambers); 

(6) Photosystem II: The Water/Plastoquinone 
Oxido-reductase in Photosynthesis (Editors: 
Thomas J. Wydrzynski and Kimiyuki Satoh); 

(7) Photosystem I: The NADP+/Ferredoxin 
Oxidoreductase in Oxygenic Photosynthesis 
(Editor: John Golbeck); 

(8) Photosynthesis: A Comprehensive Treatise; 
Biochemistry, Biophysics and Molecular 




Biology, 2 volumes (Editors: Julian Eaton-Rye 
and Baishnab Tripathy) 

(9) Photoprotection, Photoinhibition, Gene 
Regulation and Environment (Ediioxs: Barbara 
Demmig-Adams, William W. Adams III and 
Autar Mattoo); 

(10) The Structure and Function ofPlastids (Editors: 
Kenneth Hoober and Robert Wise); and 

(11) History of Photosynthesis Research (Editor: 
Govindjee^ 

In addition to these contracted books, we are 
interested in publishing several other books. Topics 
planned are: Global Aspects of Photosynthesis and 
Respiration; Protein Complexes of Photosynthesis 
and Respiration; Biochemistry and Biophysics of 
Respiration; Protonation and ATP Synthesis; 
Functional Genomics; Proteonomics, The Cyto- 
chromes; Molecular Biology of Cyanobacteria; 
Laboratory Methods for Studying Leaves and Whole 



Plants; and C-3 and C-4 Plants. 

Readers are requested to send their suggestions 
for these and future volumes (topics, names of future 
editors, and of future authors) to me by E-mail 
(gov@uiuc.edu) or fax (1-217-244-7246). 

In view of the interdisciplinary character of 
research in photosynthesis and respiration, it is my 
earnest hope that this series of books will be used in 
educating students and researchers not only in Plant 
Sciences, Molecular and Cell Biology, Integrative 
Biology, Biotechnology, Agricultural Sciences, 
Microbiology, Biochemistry, and Biophysics, but 
also in Bioengineering, Chemistry, and Physics. 

I take this opportunity to thank Beverley Green; 
William Parson; all the authors of Volume 13; Larry 
Orr; Jacco Flipsen, Noeline Gibson; Evan Delucia, 
and my wife Rajni Govindjee for their valuable help 
and support that made the publication of Light- 
Harvesting Antennas possible. 



Govindjee 
Series Editor 

Advances in Photosynthesis and Respiration 
University of Illinois at Urbana-Champaign 
Department of Plant Biology 
265 Morrill Hall, 505 South Goodwin Avenue 
Urbana, IL 61801-3707, U.S.A. 
E-mail: gov@uiuc.edu; 
URL: http://www.life.uiuc.edu/govindjee 
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Govindjee 



The story of the Series editor s name and a bit of his 
personal background. 

Govindjee, who uses one name only, grew up in 
Allahabad (India). He was born in 1932 to (Mrs) 
Savitri Devi Asthana and (Mr) Vishveshwar Prasad 
Asthana. His father was a college teacher, and then a 
representative of the Oxford University Press in the 
then United Provinces (UP) of India. His family 
name, Asthana, was dropped by his father in response 
to the ‘Arya Samaj Movement’ that was against the 
‘Caste System,’ and believed in the ideals of the 
Vedic times. After his father’s death in 1943, his 
older brother Krishnaji (Professor of Physics, 
University of Allahabad) was responsible for bringing 
him up and served as his role model. Shri Ranjan, 
who had been a graduate student of Felix Frost 
Blackman, trained him in Plant Physiology. 

Govindjee came to Urbana, Illinois, U.S.A., as a 
Fulbright Scholar, and a Fellow of ‘Physico-Chemical 
Biology’ in 1956, with his name written as ‘Govind 
Jee.’ He was not happy to be called ‘G. Jee,’ and, thus, 
began to use ‘Govindjee’ as his one and only name. 
This has caused problems in citations, and in many 
formal settings. He has been called by many names: 
N.F.N. Govindjee (where N.F.N. stands for No First 
Name); I. Govindjee (where I stands for Illini); Mister 
Govindjee; and once A.VP. Govindjee (where A. 
stands for Allahabad, and VP. are the initials of his 
father). Quite often, his name has appeared with the 



initials of his doctoral students: the longest being 
J.C.M. Govindjee, Jr (where J.C.M. stood for John 
Clingman Munday). Govindjee received his training 
in the area of ‘Photosynthesis’ first from Robert 
Emerson, and then from Eugene Rabinowitch. 
Govindjee obtained his Ph.D. in Biophysics at the 
University of Illinois, in 1960. He has been on its 
faculty since 1961. Since July, 1999 he has been 
Professor Emeritus of Biochemistry, Biophysics and 
Plant Biology at the University of Illinois at Urbana- 
Champaign. A brief formal biography of Govindjee 
is available in Foyer CH and Noctor G (eds) (2003) 
Photosynthetic Nitrogen Assimilation andAssociated 
Carbon and Respiratory Metabolism, Advances in 
Photosynthesis and Respiration, Volume 12, Kluwer 
Academic Publishers, Dordrecht, The Netherlands. 

He was married to Rajni Verma in 1 957 at Urbana, 
Illinois. They have two children: Sanjay Govindjee 
(his wife is Marilyn) and Anita Govindjee (her 
husband is Morten Christiansen) and three grand 
children (Sunita Christiansen; Arjun Govindjee and 
Rajiv Govindjee). 

Currently, Govindjee focuses his attention on two 
topics: (1) Chlorophyll a Fluorescence: A Probe of 
Photosynthesis; and (2) History of Photosynthesis 
Research; he is equally concerned with photo- 
synthesis education (see his web site: http:// 
www.life.uiuc.edu/govindjee). 
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Preface 



Why a book on light-harvesting antennas? Light- 
harvesting antennas are the pigment-protein 
complexes that absorb light and transfer energy to 
the photosynthetic reaction centers, where the photo- 
chemical electron-transfer reactions occur. In any 
photosynthetic membrane, only a small fraction of 
the pigment molecules participates directly in the 
reactions that lead to charge separation and electron 
flow. For each reaction center chlorophyll or 
bacteriochlorophyll, there are many pigment 
molecules that collect the light. The antenna com- 
plexes include a wide variety of chlorophylls, 
carotenoids and phycobilins, which are attached to 
an even more varied collection of proteins. This 
molecular variety reflects the evolutionary diversity 
of photosynthetic organisms. 

Our objective in bringing together the chapters of 
this book was to provide a comprehensive review of 
current knowledge about light-harvesting antennas 
of plants, algae and photosynthetic bacteria in a 
framework that integrates the biochemical and 
structural picture with what can be learned from 
modern biophysical approaches. Because of the range 
of experimental techniques used to study problems 
related to light harvesting, it is difficult to acquire a 
comprehensive picture of an antenna system and its 
function by reading only the primary literature. This 
book attempts to provide some of these pictures by 
taking an integrative approach. As Govindjee so 
nicely expressed it, this is ‘a real book with chapters’ , 
not just a compilation of review articles. 

The four chapters of Part I deal with topics that 
apply to all photosynthetic organisms. Chapter 1 
(Green, Anderson and Parson) introduces the light- 
harvesting antennas and places them in context in 
their photosynthetic membranes. Photosynthetic 
pigments and their biosynthesis are the subject of 
Chapter 2 (Scheer). Chapter 3 (Parson andNagarajan) 
explains biophysical aspects of photosynthesis and 
the experimental and theoretical approaches used to 
study energy transfer in antenna systems. This chapter 
is uniquely organized in modules that can be read 
independently for information on particular topics. 
Chapter 4 (Green) discusses the molecular evolution 
of light-harvesting antenna families, pigment 



biosynthesis enzymes and the photosynthetic 
prokaryotes. 

Most of the chapters of Part II deal with specific 
groups of photosynthetic organisms: purple bacteria 
in Chapter 5 (Robert, Cogdell and van Grondelle), 
green sulfur and green filamentous bacteria in Chapter 
6 (Blankenship and Matsuura), cyanobacteria in 
Chapter 9 (Mimuro and Kikuchi), red algae in Chapter 
10 (Gantt, Grabowski and Cunningham) and all the 
algae with chlorophyll c in Chapter 1 1 (Macpherson 
and Hiller). This is an unusual but logical approach, 
since each group of organisms has several types of 
antenna that operate in conjunction with one another. 
Much of the biophysical data can be understood only 
by considering all the participants in the context of 
the overall molecular structure. 

Two exceptions to this organismal approach are 
the chapters that emphasize the core Chi a antennas 
of Photosystem I and Photosystem II. Chapter 7 on 
Photosystem II (van Amerongen and Dekker) and 
Chapter 8 on Photosystem I (Fromme, Schlodder 
and Jansson) are focused treatments of the individual 
photosystems, drawing on the recently-determined 
high resolution structures of the cyanobacterial photo- 
systems, and on our growing biochemical knowledge 
of the chlorophyll a/b antennas (light harvesting 
complexes, LHCs) of green plant chloroplasts. 

Part III considers the interrelated aspects of 
biosynthesis and assembly of photosynthetic 
membranes and their acclimation in response to 
environmental conditions. Chapter 12 (Cline) focuses 
on the assembly of the higher plant photosynthetic 
membrane. It is followed by chapters on the role of 
antennas in photostasis (Chapter 14, Huner, Oquist 
and Huner) and on photoacclimation in eukaryotic 
algae (Chapter 15, Falkowski and Chen). These are 
complemented by a chapter on pulse-amplitude 
modulated (PAM) fluorimetry that provides a 
comprehensive explanation of this much used (and 
sometimes abused) technique (Chapter 13, Krause 
and Jahns). The last two chapters are concerned with 
regulation at the molecular level of purple bacterial 
antennas (Chapter 16, Young and Beatty) and 
cyanobacterial phycobilisomes (Chapter 17, Gross- 
man, van Waasbergen and Kehoe). 
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We are living in the golden age of photosynthesis 
research. Energy transfer can now be studied by very 
powerful biophysical techniques. High-resolution 
three-dimensional structures have been determined 
for a number of photosynthetic complexes, making it 
possible to design experiments that test the relation- 
ships between structure and function. Modern molec- 
ular biological approaches are also beginning to 
clarify the biosynthesis of the photosynthetic 
apparatus and its adaptation to changing conditions. 
None of these approaches can work effectively in 
isolation. We hope that our book will help to build 
bridges that span the gaps and encourage researchers 
to study the mysteries of light-harvesting antennas in 
an integrative fashion. At the same time, we have 
tried to provide clear explanations of basic concepts 
suitable for beginning graduate students and advanced 
undergraduates, in the hope of enticing some of them 
into this fascinating field of research. 
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Color Plate 1. The global distribution of chlorophyll in marine and terrestial ecosystems in the summer, as derived from SeaWiFS satellite data. Almost all the chlorophyll 
is in light-harvesting antenna complexes. Chlorophyll concentrations range from red (very high) through dark and light green to yellow (low) on land, and from blue-green 
to light blue to dark blue in the oceans. Yellow-brown areas are deserts. See also Chapter 15, p 427. 
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Color Plate 2. Front view (in the plane of the membrane) and side view of the structure of LH2 proteins from Rhodopseudomonas 
acidophila, strain 10050, showing both nine-membered rings of a and /3 polypeptides. The a and /3 polypeptides are shown in orange and 
green, respectively, the 850-nm absorbing BChl molecules in magenta, the 800-nm absorbing BChls in cyan and rhodopin glucoside in 
dark blue. See Chapter 5, p 174. 
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Color Plate 3. Overview of the energy-transfer transfer steps in the photosynthetic membrane of purple bacteria at room temperature. See 
Chapter 5, pp 182-188. 
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Color Plate 4. Stereo top view of the chromophores resolved in the 3.4 A crystal structure of LHCII (Kiihlbrandt et ah, 1994). LI and L2 
indicate the positions of the structurally resolved xanthophylls, while A1-B6 indicate the sites of the Chls, numbered according to 
Kiihlbrandt et al. (1994). The chlorophylls in blue and green have been shown to be Chi a and Chi b, respectively, while those in black 
have been proposed to have a mixed character. See Chapter 7, pp 223-227 and Table 4. 
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Color Plate 5. Schematic representation of energy transfer and trapping processes in (A) PS II RC complex, (B) monomeric PS II core 
complex, (C) C 2 S 2 PSII-LHCII supercomplex and (D) part of a membrane with a regular array of C 2 S 2 M PSII-LHCII supercomplexes. 
In (D) the supercomplexes are contoured by dashed lines and are darker gray than the surrounding membrane. The pigments (circles) are 
placed at approximate positions according to the various crystal structures. Four central Chls of PS II RC, white with blue rim; Phe, dark 
blue; peripheral Chi of PS II RC, magenta; core antenna, light blue; peripheral antenna Chi a, light green; Chi b, dark green. The trapping 
process (Tj^ap, red area in the PS II RC) is relatively important in the PS II RC complex, the delivery of the excitation energy (r^gj, dark 
blue an'ows) is important in the PS II core complex, the migration processes (Tj^jg, green arrows) are significant in PSII-LHCII 
supercomplexes and PS II membranes. The light blue and green areas represent areas in which ultrafast energy transfer among groups of 
chlorophylls is expected in core and peripheral antenna proteins, respectively; light blue arrows represent a few less likely (relatively 
slow) energy transfer routes. See Chapter 7, p 241. 
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Color Plate 6. (A) and (B): Arrangement of protein subunits and cofactors in one monomeric unit of Photosystem I. Transmembrane 
helices are shown as columns. Chlorophylls (yellow) are represented by their head-groups, with the ring substituents omitted for clarity. 
RC chromophores, dark blue; carotenoids, black; lipids, azure.. The Fe/S atoms of the [4Fe-4S] clusters are represented by small spheres. 
(A) View from the stromal side onto the membrane plane, showing only the transmembrane part of Photosystem I; (B) view along the 
membrane plane, with the organic cofactors omitted for clarity. The arrow indicates the threefold symmetry axis of the trimeric structure. 
(Continued on next page). See Chapter 8, p 256. 
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Color Plate <5, continued. (C) Organization of the PS I trimer. View from the stromal side onto the membrane plane, with the stromal 
subunits omitted for clarity. Different structural elements are shown in each of the three monomers. In the top right monomer the 
transmembrane helices are shown as columns and the subunits are labeled. The top left monomer shows the complete set of cofactors 
along with the transmembrane helices. In the lower monomer, the a-helices of the stromal and lumenal loop regions are shown as ribbons. 
(IJBO.pdb file, Jordan et al, 2001). See Chapter 8, p 256-259. 




Color Plate 7. The arrangement of the Chls in one monomer of Photosystem I. Only the Chls rings are shown for clarity. Top: view from 
the stromal side onto the membrane plane. Bottom: view along the membrane plane. See Chapter 8, p 261. 
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Color Plate 8. Crystal structures of three phycobiliproteins (APC, C-PC, and R-PE). These trimers are drawn on the basis of the 

structure of APC (Brejc et ah, 1995; 1 ALL.PDB), C-PC (Burring et ah, 1991; ICPC.PDB), and R-PE (Chang et al, 1996; ILIA.PDB). 
Each basic block, the trimer, is shown from a viewpoint along the symmetry axis, and chromophores are shown in blue colored 
space-filling representation. APC has one a-84 chromophore in each a-subunit (red) and one /3-84 chromophore in each /3-subunit 
(green). In C-PC, /3-155 chromophores are added compared to APC. In R-PE, a-140 chromophores and ^-50/^-61 chromophores are 
added compared to C-PC. See Chapter 9, pp 288, 293-297. 




Color Plate 9. APC (a/3)3 including the linker polypeptide (gold) in the cavity of the trimer. From PDB structure file 1B33.PDB 
(Reuter et al., 1999). The a-subunits or the jS-subunits of APC are shown as red or green ribbons, respectively, and the chromophores (a- 
84 and ^-84) as space-filling models (blue). The linker polypeptide interacts directly with the two of the three /3-84 chromophores 
(Reuter et al, 1999). See Chapter 9, pp 293-295. 
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Color Plate 10. Ribbon diagrams of PE545 from Rhodomonas sp. A, from below; B, from the side. Green, /3-subunits; red, a-l subunit; 
blue, a-2 subunit. Numbers, ehromophore-binding residues; white stiek models, ehromophores. See Chapter 1 1, pp. 334-336. 
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Color Plate 11. Stereogram of PE545 chromophores. al-19, a2-19 (blue) are bound to the a-subunits (see Color Plate 10); b, bound to 
^subunits. . See Chapter 1 1, pp. 334-343. 





Color Plate 12. Trimer of peridinin-Chl a protein (PCP). Left, protein shown as gray ribbons, enclosing chromophores. Right, 
chromophores only. Green, Chi a\ orange, peridinin; blue, digalactosyl diglyceride. See Chapter 1 1, pp. 340-343. 
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Summary 

Light-harvesting antennas are pigment-proteins that absorb light energy and transfer it to photosynthetic 
reaction centers. This chapter starts with a brief non-technical explanation of how antennas harvest light. The 
antennas of the five divisions of photosynthetic bacteria (including cyanobacteria) are introduced; the antennas 
are placed in the context of their photosynthetic membranes. The evolutionary origin of chloroplasts by primary 
and secondary endosymbiosis is explained. A brief description of the various algal groups is followed by a more 
detailed discussion of the higher plant chloroplast and the roles of the LHC superfamily antennas. Throughout, 
readers are directed to the relevant chapters in the book where detailed information can be found. 



I. Introduction 

Photosynthetic organisms contain several distinct 
types of pigment-protein complexes that cooperate 
to achieve efficient capture of solar energy. The 
reaction centers provide specialized sites where an 
excited chlorophyll (Chi) or bacteriochlorophyll 
(BChl) dimer transfers an electron to a neighboring 
molecule, launching a series of secondary electron- 
transfer reactions that ultimately drive the reduction 
of C02to carbohydrates. The movement of electrons 
is coupled to the generation of a electrochemical 

gradient across the photosynthetic membrane, and 
this gradient provides the energy to drive ATP 
synthesis and maintain other ionic gradients. Reaction 
centers (RCs) are remarkably efficient: at low light 
intensities, they transfer one electron to the acceptor 
and remove one electron from a secondary donor 
virtually every time they are excited (Wraight and 
Clayton, 1973). But even in bright sunlight the reactive 



Abbreviations: BChl, Chi - bacteriochlorophyll, chlorophyll; 
CP43, CP47 - core antennas of PS II; Dl, D2 - reaction center 
proteins of PS II; ER - endoplasmic reticulum; EST - expressed 
sequence tag, a cDNA sequence; FCP - fueoxanthin Chi a/c 
protein; FMO protein - Fenna-Matthews-Olson BChl a protein 
of green sulfur bacteria; IsiA -- Chi a protein induced by Fe 
limitation, product of A/A gene, also called CP43'; LHl, LH2, 
LH3 - proteobacterial antennas; LHC -- member of light- 
harvesting complex superfamily; NPQ - non-photochemical 
quenching; Pcb - prochlorophyte Chi a/b protein; PsaA, PsaB - 
PS I reaction center-core antenna proteins; PS I, PS II - 
Photosystem I, Photosystem II; RC - reaction center 



pair of Chls or BChls in an isolated reaction center 
would absorb a photon only a few times per second 
(Blankenship, 2002), and this rate would drop off 
severely in the dense shade of a rain forest or in the 
mud of a tidal salt flat. The primary role of the light- 
harvesting antenna complexes is to increase the rate 
of photosynthesis by absorbing light and transferring 
the excitation energy to the reaction centers. 

A light-harvesting antenna consists of one or more 
chromophores, small molecules that absorb light, 
and the protein or proteins to which the chromophores 
are bound. Photosynthetic organisms use only three 
classes of chromophore: the chlorophylls and 
bacteriochlorophylls, the phycobilins, and the 
carotenoids (Fig. 1, Table 1). Their structures and 
biosynthetic pathways are described in Chapter 2 
(Scheer). The chromophores are bound to specific 
proteins, most of which are members of seven major 
protein families: the core complex family, the 
protobacterial antenna complexes (LHl, LH2 and 
LH3), chlorosomes, the FMO protein, phycobili- 
somes, the LHC superfamily, and the preidinin-Chl a 
protein (Table 1). 

A. How Antennas Work 

Although a variety of pigment-protein complexes 
serve as antennas in photosynthetic organisms, they 
all must meet several basic requirements. They must 
absorb visible or near infrared light strongly, and the 
excited states generated by this absorption must be 
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Fig. 1 . Electronic structure of photosynthetic pigments. A. Hemes, chlorophylls and bacteriochlorophylls. The long-wavelength (Qy) 
absorption bands of chlorophylls and bacteriochlorophylls are shifted to longer wavelengths and increased in strength relative to the 
corresponding bands of symmetric porphyrins such as heme. The shading in the structural diagrams indicates the regions covered by n- 
electron systems. B. Phycobilins and carotenoids have extended, quasi-linear ;r-electron systems (shaded). These molecules absorb in the 
regions of the visible spectrum between the strong absorption bands of chlorophylls and bacteriochlorophylls, and are used as accessory 
antenna pigments. Carotenoids also play important roles in protecting against excessively strong light. 



sufficiently long lived. They must be relatively stable 
molecules that can be packed together in a way that 
provides paths for excitations to migrate to the 
reaction centers. They also should have ways of 
deactivating potentially destructive sideproducts such 
as triplet states and singlet O 2 . Some antennas also 
undergo structural modification to optimize their 
operation in response to large variations in the 
intensity or wavelength of the incident light. 

Chlorophylls, bacteriochlorophylls and phycobilins 
lend themselves particularly well to being antennas. 
First, they absorb sunlight strongly. Chlorophyll a in 
solution has intense absorption bands in both the 
blue (430 nm) and red (660 nm) regions of the 
spectrum, chlorophyll b has corresponding bands 
peaking near 460 and 650 nm, and bacteriochlorophyll 
a has bands near 380 and 780 nm (Fig. 2). The 



strengths of these bands can be expressed qualitatively 
in terms of the peak molar absorption coefficients 
(t), which range from about 5x10"^ M“^cm”^ for the 
650 nm band of chlorophyll b to almost 10^ M~^cm~^ 
for the 780 nm band of bacteriochlorophyll a (see 
Table 1 in Chapter 2, Scheer). For example, a 0. 1 mM 
solution of bacteriochlorophyll a in a 1-cm cuvette 
would absorb about 99% of the energy in a beam of 
770 nm light. A more meaningful analysis should 
consider the integrated area under the absorption 
band rather than just the height of the peak (Fig. 2), 
but these molecules are strong absorbers by almost 
any measure. In addition, because their excited states 
lie at relatively low energies, chlorophylls and 
bacteriochlorophylls can serve as acceptors for energy 
transferred from molecules that absorb at shorter 
wavelengths, such as carotenoids and phycobilins. 
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Table 1. Light-harvesting Antennas and Pigment Classes 



Antenna Type 


Pigment Class 


Anoxygenic Prokaryotes 


Oxygenic Prokaryotes 


Eukaryotes (chloroplasts) 


Core Complex family 


BChl, Chi, 
carotenoids 


Chorobiaceae, 

Heliobacteriaceae 


Cyanobacteria: 

PS I core complex 
PS II: CP47, CP43, IsiA 
Chi a/b antenna 
(prochlorophytes) 


All photosynthetic eukaryotes: 
PS I core complex 
PS II: CP47, CP43 


LH1,LH2, LH3 


BChl, carotenoids 


Purple proteobacteria, 
Chloroflexaceae 






Chlorosomes 


BChl, carotenoids 


Chlorobiaceae, 

Chloroflexaceae 






FMO (Fenna- 
Matthews-Olson 
BChl a protein) 


BChl only 


Chlorobiaceae 






Phycobilisomes 


phycobilins only 




Cyanobacteria: (except 
some prochlorophytes) 


Rhodophytes, Cryptophytes 


LHC superfamily 


Chi, carotenoids 




Cyanobacteria: one-helix 
proteins probably involved 
in photoprotection 


Chlorophytes, plants: 

Chi a/b proteins 
Rhodophytes: Chi a proteins 
Heterokonts, Haptophytes, 
Cryptophytes, Dinoflagellates: 
Chi a/c proteins 


Peridinin-Chl a 
protein 


Chi, carotenoids 






Dinoflagellates only 



It is instructive to contrast the spectroscopic 
properties of chlorophyll and bacteriochlorophyll 
with those of symmetric porphyrins such as the 
heme derivatives of protophorphyrin IX that are 
found in hemoglobin, myoglobin and c-type 
cytochromes (Fig. 1). The long-wavelength absorp- 
tion bands of the symmetric porphyrins are much 
weaker; porphyrins absorb blue light well but are 
essentially transparent to orange or red light. This 
qualitative difference in spectroscopic properties 
stems from the different shapes of the ;r-electron 
systems of the molecules (Gouterman, 1961). As 
shown in Fig. lA, reduction of one or more of the 
pyrrole rings and addition of conjugated keto or 
vinyl groups makes the ;r-system progressively less 
symmetrical in the chlorophylls and bacterio- 
chlorophyll s. Though hemes are used extensively as 
electron carriers in both photosynthetic and 
nonphotosynthetic organisms, they do not form the 
basis of any known antenna system. 

Along with having an unsuitable absorption 
spectrum, an antenna system built with hemes would 
have another serious problem. The excited states of 
hemes decay on picosecond or sub-picosecond time 
scales by internal processes involving the iron atom. 
An excited heme thus has little opportunity to transfer 
its energy to another molecule, and an excitation in a 




400 500 600 700 800 900 

Wavelength (nm) 

Fig. 2. Absorption ( — ) and fluorescence emission ( — ) spectra 
of bacteriochlorophyll a in pyridine (adapted from Becker et al. 
1991). Cross-hatching indicates the region where the two spectra 
overlap. 

cluster of hemes would be degraded rapidly to heat. 
Replacing the Fe by Mg greatly extends the lifetime 
of the excited state. An excited molecule of 
chlorophyll or bacteriochlorophyll can remain in the 
excited state for 1 0 ns or longer (a very long time in 
terms of energy transfer) before it relaxes back to its 
resting (‘ground’) state by emitting light as 
fluorescence or dissipating the energy in intra- 
molecular nuclear motions (heat). Energy transfer to 
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a neighboring molecule can compete easily with 
these relatively slow processes. 

Although chlorophyll and bacteriochlorophyll 
absorb blue and red light well, they absorb green and 
yellow light only weakly (Fig. 2). Photosynthetic 
organisms use carotenoids or phycobilins to fill this 
gap. As illustrated in Fig. IB, these molecules 
resemble chlorophylls and bacteriochlorophylls in 
having extended ;r-electron systems, but differ in 
having quasi-linear rather than cyclic structures. Their 
absorption spectra can be tuned over wide ranges by 
changing the number of conjugated double bonds: 
increasing the length of the /r-electron system shifts 
the absorption to longer wavelengths. Depending on 
the length of the ;r-system, carotenoids can act either 
as antennas, transferring energy to other molecules, 
or as energy quenchers, accepting excess excitation 
energy and converting it harmlessly into heat. This 
flexibility of function allows carotenoids to play 
important photoprotective roles in both antennas and 
reaction centers. Protecting the photosynthetic 
apparatus from excess light energy appears to be a 
major function of some members of the LHC 
superfamily (Chapter 13, Krause and Jahns; Chapter 
14, Huner et al.). 

Transfer of energy from one molecule to another 
in photosynthetic antenna systems can occur by 
several different physical mechanisms depending on 
the arrangement of the donor and acceptor. In some 
cases, the pigments are so close together that they 
can reasonably be described as a single ‘super- 
molecule’ in which the excitation energy spreads 
almost instantaneously over the entire complex. When 
the pigments are farther apart, the excitation tends to 
be more localized at any given time and can be 
viewed as hopping randomly from site to site. The 
mechanism of energy transfer in this domain, termed 
resonance energy transfer or inductive resonance, 
was explained by T. Fdrster ( 1 95 1 , 1 965), who showed 
how its rate depends on the intermolecular distance 
and orientation of the energy donor and acceptor. If 
the distance (r) is large relative to the dimensions of 
the molecules themselves, the rate varies inversely 
with the sixth power of r. For two bacteriochlorophyll 
molecules with similar absorption spectra, the 
efficiency of energy transfer over a distance of 20 A 
would be about 99.99%. 

For molecules separated by a fixed distance, the 
rate of resonance energy transfer increases with the 
molar absorption coefficient of the energy acceptor. 
The strong absorption bands of bacteriochlorophyll 
and chlorophyll at long wavelengths thus are well 



suited to rapid energy transfer. The rate also depends 
on the overlap of the fluorescence emission spectrum 
of the energy donor with the absorption spectrum of 
the acceptor (cross-hatched area in Fig. 2). This is 
partly a matter of conserving energy. The energy lost 
as the donor decays to the ground state must match 
the energy gained as the acceptor is excited. The 
requirement for energy matching does not mean that 
the donor actually fluoresces; energy transfer by 
actual emission and reabsorption would have a 
different dependence on the intermolecular distance 
and generally would be much less efficient. Rather, 
resonance energy transfer represents a quantum 
mechanical resonance between two states with the 
same energy, analogous to the resonance between the 
two valence-bond structures of benzene. In one state 
the energy donor is excited and the acceptor is in its 
ground state; in the other state the acceptor is excited 
and the donor has relaxed. Transitions between these 
two states are driven by interactions between the 
oscillating electron clouds on the two molecules, and 
it is these interactions that give rise to the characteristic 
dependence of the rate on r~^. Chapter 3 (Parson and 
Nagarajan) discusses the physical basis of the 
phenomenon in more detail. 

Because a portion of the electronic excitation 
energy can be degraded to heat as each excited 
molecule equilibrates with its surroundings, 
excitations tend to move to complexes whose excited 
states lie at progressively lower energies. Early studies 
by L. N. M. Duysens (1952) showed that when cell 
suspensions of the purple bacteria Chromatium 
vinosum or Rhodospirillum rubrum were excited by 
light of various wavelengths, the energy was used for 
photosynthesis only to the extent that it was 
transferred to bacteriochlorophyll-protein complexes 
that absorbed at the longest wavelengths. The ‘action’ 
spectrum for photosynthesis (a plot of the rate of 
photosynthesis as a function of the wavelength of the 
incident light) was essentially the same as the 
excitation spectrum for fluorescence from these 
complexes. In some organisms, the excited states of 
the reaction centers lie lower in energy than those of 
the antenna complexes and thus act as traps for the 
excitation energy. However, the electron-transfer 
reactions that occur in the reaction center may be so 
rapid that they trap the energy kinetically even if the 
excited state of the reaction center is somewhat 
higher in energy. Migration of excitons to the reaction 
centers often occurs on roughly the same time scale 
as the initial electron-transfer reactions, so that both 
processes influence the overall kinetics of trapping. 
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B. Molecular Environment 

All the antenna chromophores are bound to specific 
proteins that are either embedded in the photo- 
synthetic membrane or associated with the mem- 
brane surface. Reaction center proteins are very 
hydrophobic and are always embedded in the lipid 
bilayer, which makes possible both the spatial 
separation of charges within the membrane and the 
development of an electrochemical potential across 
the membrane. The spatial organization of pigment- 
protein complexes within the bilayer plane affects 
the efficiency of energy transfer among antenna 
complexes, and between them and the reaction 
centers. We therefore need to consider membrane 
structure as well as the structure of the individual 
antennas in order to understand how photosynthetic 
systems work. The rest of this chapter will introduce 
the different antenna classes and discuss their 
arrangements in the photosynthetic membranes. How 
organisms respond to varying illumination conditions 
by regulating their antenna systems is discussed in 
the chapters of Part III. 

Understanding of photosynthetic antenna systems 
has advanced dramatically on multiple fronts in the 
last few years. High-resolution crystal structures 
have been obtained for several major antenna 



complexes, and studies by cryoelectron microscopy 
have yielded medium-level structures of additional 
complexes. Complexes from many different species 
of photosynthetic organisms have been purified and 
characterized biochemically, and a rapidly expanding 
body of information on their DNA sequences, protein 
structure and pigment compositions has provided 
insight into the relationships among the antenna 
systems of various species. New experimental 
techniques using short pulses from lasers have allowed 
kinetic studies with femtosecond (10”^^ s) time 
resolution, and new techniques for site-directed 
mutagenesis have made it possible to explore how 
subtle changes in protein structure affect the 
energetics and dynamics of energy transfer. The 
chapters of Part II will discuss these topics in detail. 

II. Photosynthetic Prokaryotes 

A. The Five Groups of Photosynthetic 
Prokaryotes and Their Electron Transport 
Chains 

Photosynthetic prokaryotes (including the cyano- 
bacteria) belong to five distinct taxonomic groups 
that are not closely related to each other by any 



Table 2. Divisions of photosynthetic prokaryotes 



Group 


Life-style 


RC Type 


Core Antenna (pigments) 


Distal Antenna 
(pigments) 


Extrinsic Antenna 
(pigments) 


Heliobacteria 


Obligate 

anaerobe 


FeS 


RC core (30 BChl g) 






Green sulfur 
bacteria 

(Chlorobiaceae) 


Obligate 

anaerobe 


FeS 


RC core (16 BChl a) 


- 


Chlorosomes (BChl c,d,e) 
FMO (BChl a) 


Green filamentous 
bacteria 

(Chloroflexaceae) 


Facultative 

anaerobic 

phototroph 


Q 


LHl (BChl a) 




Chlorosomes (BChl c) 


Purple bacteria 
(Proteobacteria) 


Facultative 

anaerobic 

phototroph 


Q 


LHl (36-38 BChl a or 
BChl b) 


LH2, LH3 
(BChl a or 
BChl b) 


~ 


Cyanobacteria 


Oxygenic 

photoautotroph 


FeS (PS I) 
Q (PS II) 


PS I-RC core (80 Chi a) 

PS II:CP47, CP43 
(30-40 Chi aT 


Pcbs (Chi a/b) 
(only in 

prochlorophytes) 


Phycobilisomes 

(phycobilins) 

(No phycobilisomes but 
phycoerythrin in some 
prochlorophytes) 



Data for heliobacteria from Neerken and Amesz (2001); for green sulfur bacteria from Hauska et al. ( 2001). See also Chapters 5 (Robert 
et ah), 7 (van Amerongen and Dekker) and 8 (Fromme et al.) ^ Acaiyochloris has mostly Chi d instead of Chi a. 
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criterion (Stackebrandt et al. 1996, Gupta et al., 
1999). The heliobacteria and green sulfur bacteria 
are obligate anaerobes with a single photosynthetic 
RC of the FeS-type, like the PS I RC of cyanobacteria 
and chloroplasts (Table 2, Fig. 3). However, the 
heliobacteria (e.g. Heliobacterium, Heliobacillus) 
belong to the Tow G+C’ group of Gram positive 
bacteria (Madigan and Ormerod, 1995) whereas the 
green sulfur bacteria (Chlorobiaceae) are Gram 
negative and somewhat related to the Chlamydia- 
Cytophaga group (Stackebrandt et al., 1996). The 
green sulfur bacteria can use hydrogen sulfide or 
thiosulfate as an electron donor with NADP^ as the 
ultimate electron acceptor (Fig. 3), whereas the 
heliobacteria use only reduced carbon compounds as 
donors. 

The purple bacteria and green filamentous bacteria 
(Chlorofiexaceae) have a single RC of the quinone- 
type like Photosystem II (PS II). Light-driven electron 
flow is predominantly cyclic in the purple bacteria 
(Fig. 3). The electrochemical gradient produced in 
this process is used to drive electrons uphill from a 
variety of exogenous electron donors (e.g. H 2 , H 2 S, 
S 203 ^~, or reduced carbon compounds, depending on 



the species) to reduce co-enzymes for biosynthesis. 
Members of both groups synthesize BChl and many 
of them photosynthesize only under anaerobic 
conditions. They can all grow heterotrophically in 
the presence of a suitable reduced carbon source and 
O 2 . However, these two groups are not closely related 
to each other either. The purple bacteria belong to the 
Proteobacteria (a widespread and metabolically 
diverse group), whereas the green filamentous 
bacteria are an early branching lineage on 16S and 
23 S rRNA trees (Ludwig and Schleifer, 1994; 
Stackebrandt et al., 1996; Pace, 1997). 

The fifth division of photosynthetic prokaryotes, 
the aerobic cyanobacteria, are unique among the 
prokaryotes in having a linear electron transport 
chain with both FeS (PS I) and Q (PS II) types of RC. 
Water is the initial electron donor, with the result that 
molecular oxygen is produced, so this process is 
referred to as oxygenic photosynthesis. The many 
similarities between cyanobacterial and chloroplast 
photosynthetic electron transport chains provide 
strong support for the endosymbiotic origin of all 
chloroplasts from a cyanobacterial ancestor (see 
below). Much of the information we have about 



Em(v) 



4.5 



4.0 



-0.5 



0.0 



+0.5 



1.0 



Purple and Green 




Cyanobacteria and Chloroplasts 




Green Sulfur Bacteria 


Filamentous Bacteria 




(oxygenic photosynthesis) 




and Heliobacteria 



P870* 



Qa 



Cyt be. 



.© 






RC (P870) 






P700* 



P680* 






Cytb,f 



I 

^RC-I 



\ 



Fx 



FaFb 

V 

NADP^ 



(P700) 



P840* 



Cyt bcj 









\ 



Fx 



'V 

FaFb 

NADP^ 



RC (P840) 



RC-II (P680) 



FeS-type photosystems 



Q-type photosystems 



Fig. 3. Photosynthetic electron transport chains of photosynthetic bacteria and chloroplasts. RC, reaction center; Fx, F^Fg, Fe-S centers 
of FeS-type photosystems, Q^, Qg, primary and secondary quinones of Q4ype photosystems, Ejyj, standard redox potential, ©, mobile 
electron carrier, usually c-type cytochrome or small copper protein. Note that no cytochrome bc^ complex has been found in green 
filamentous bacteria and cyclic electron flow has not been demonstrated. Heliobacteria use reduced organics rather than reduced sulfur 
as electron donors, and their terminal electron acceptors are not well understood. 
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eukaryotic photosynthesis comes from studies on 
cyanobacteria, as can be seen in the chapters on 
Photosystem II (Chapter 7, Dekker and van 
Amerongen) and Photo system I (Chapter 8, Fromme 
et al). The cyanobacteria are clearly very separate 
from the four divisions of anoxy genic bacteria on the 
basis of their light-harvesting antennas (Table 2). 
The Core Complex family is the only one found in 
both groups, since it is part of the PS I RC in 
cyanobacteria/chloroplasts and the PS I-like RC of 
the Chlorobiaceae and the Heliobacteria (Fig. 4). 

All photosynthetic electron transport chains, with 
the exception of the Chloroflexaceae, have a large 
membrane-intrinsic cytochrome complex consisting 
of a two-heme cytochrome b, a Rieske Fe-S protein, 
a c-type cytochrome and several minor proteins. This 
complex receives electrons from a reaction center 
via quinones, which diffuse in the lipid bilayer. The 
passage of electrons through the intrinsic cytochrome 
complex is coupled to the transport of protons across 
the membrane, generating a proton-motive force. 
The cytochrome complexes are similar to those found 
in mitochondria and in non-photosynthetic eubacteria 
and archebacteria. Because of their widespread 
distribution, it has been proposed that the cytochrome 
complex originated prior to the evolution of 



photosynthetic reaction centers (Schiitz et al., 2000). 
In many photosynthetic prokaryotes, the respiratory 
and photosynthetic electron transport chains share 
components and may co-exist in the same region of 
the membrane bilayer. 

S. Types of Antenna 

Antennas are divided into three categories in Table 2. 
Core antennas are those associated very closely with 
the reaction centers. The FeS-type reaction center 
proteins are larger than the Q-type RC proteins and 
bind antenna Chls or BChls as well as the pigments 
involved in charge separation. In contrast, the Q-type 
RC proteins bind only the chromophores involved in 
charge separation; their core antenna B(Chl)s are 
bound by separate polypeptides (Fig. 4). The purple 
and green filamentous bacteria have rings of small 
single-helix polypeptides, with each polypeptide 
binding one or two BChls (LHl). Cyanobacterial 
PS II has a completely different core antenna: two 
relatively large Chi a-binding proteins, CP47 and 
CP43, associated with each RC. 

The other membrane-intrinsic antennas, LH2 and 
LH3 in purple bacteria and the unique Chi a/b 
antennas of the prochlorophytes (cyanobacteria), are 



FeS-type RC 



Q-type RC 



o 

'c 

Q 

X 

0 

1 

c 

o 



o 

'c 

0) 

X 

o 



Green Sulfur 

Heliobactetia Bacteria 



Green Filamentous 

Bacteria Purple Bacteria 





LH1 




rings 



PS I Cyanobacteria 



PSIl-Most 

Cyanobacteria 



Cyanobacteria 
with Chi b 





phycobilisome 



Fig. 4. Prokaryotic light-harvesting antennas. RC-antenna complexes of heliobacteria and green sulfur bacteria are hatehed more lightly 
than cyanobacterial PS I to indicate that they bind fewer pigment molecules (Table 2). PS I is oversimplified: some Chi a are bound by 
the RC part of the core complex (Schubert et al., 1998). LHl, LH2 and LH3 of the purple bacteria are rings of 8 to 16 dimeric subunits; 
it is assumed that LHl of green filamentous bacteria also forms a ring around the RC. The figures are oriented with the cytoplasmic surface 
on the lower side and periplasmic or lumenal surface on the upper side. 
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referred to as distal antennas. Their proteins belong 
to the same families as the eore antennas of their 
respective groups, which indicates that they are the 
result of ancient gene duplications. The many Chi a/b 
and Chi a/c proteins of eukaryote chloroplasts 
(Table 1) would be considered distal antennas, and 
are discussed in Section IV In most species, the ratio 
of distal antennas to RCs is under environmental 
control. The distal antennas are more highly expressed 
under low-light conditions than under high-light 
conditions, in contrast to the core antennas, which 
generally occur in a fixed ratio to RCs. 

The extrinsic antennas are those associated with 
the surface of the photosynthetic membrane (Fig. 4, 
Table 2). The Fenna-Mathews-Olson protein (FMO) 
is unique to the green sulfur bacteria, whereas 
chlorosomes are found in both groups of ‘green’ 
bacteria. These components are discussed in detail in 
Chapter 6 (Blankenship and Matsuura). The 
phycobilisomes are found in cyanobacteria and some 
of their eukaryotic descendants (chloroplasts). They 
will be introduced below and discussed in more 
detail in Chapter 9 (Mimuro and Kikuchi) and 
Chapter 1 0 (Gantt et al.). Their regulation in response 
to light conditions and nutritional status is covered in 
Chapter 17 (Grossman et al.). 

C. The Prokaryotic Core Antennas and 
Reaction Centers 

The reaction center core complexes of green sulfur 
bacteria and heliobacteria have long been known to 
resemble PS I of cyanobacteria and chloroplast 
(Nitschke and Rutherford, 1991). The PS I core 
complex has two related proteins (PsaA and PsaB), 
each of which has 1 1 transmembrane helices. The 
inner five helices of each polypeptide provide the 
‘cage’ for the RC chromophores, while the outer six 
helices bind 79 antenna Chls (Chapter 8, Fromme et 
al.). The FeS-type RCs of the heliobacteria and green 
sulfur bacteria are likely to be organized the same 
way (Chapter 6, Blankenship and Matsuura; 
Hauschka et al., 2001; Fyfe et al., 2002). However, 
only one gene encodes the RC polypeptide in these 
two photosystems, so the RC core complex is a 
homodimer rather than a heterodimer. Furthermore, 
a much smaller number of BChls is associated with 
heliobacterial and green sulfur photosystems than 
with PS I (Table 2). 

The heliobacteria are unique in having only a core 
antenna. They do not have their own chapter in this 



volume, but several excellent reviews are available 
elsewhere (Amesz, I995a,b; Madigan and Ormerod, 
1995; Neerken and Amesz, 2001). Earlier work 
including descriptions of their membrane structure 
can be found in Sprague and Varga (1986) and Fuller 
et al. (1985). 

In cyanobacterial (and chloroplast) PS II, each of 
the 1 1 -helix core proteins (PsaA and PsaB) appears 
to have split into a 5-helix protein (D1 and D2, 
respectively) and a 6-helix protein (PsbB, PsbC). D1 
and D2 form the ‘ cage ’ around the RC chromophores 
and do not bind any additional antenna Chls, whereas 
PsbB and PsbC bind approximately 14 Chi a each to 
form the Chl-protein complexes CP47 and CP43 
(Fig. 4). Approximately 14 Chi a are associated with 
each complex. Although there is minimal sequence 
similarity between CP47/CP43 and the N-terminal 
halves of PsaA/PsaB, the number of transmembrane 
helices and the structural similarities suggest that the 
two 1 1 -helix proteins PsaA and PsaB that make up 
the Chl-protein complex CPI are evolutionarily related 
to the 5 -helix D1/D2 plus the 6-helix PsbB/PsbC. 
(Chapter 4, Green; Chapter 8, Fromme et al). There 
is no similarity of sequence or structure between the 
LHl antenna proteins of anoxygenic prokaryotes 
and the PS II proteins CP47 and CP43. 

D. Green Bacteria: Distal and Extrinsic Antennas 

1. The Chlorosome 

Two unrelated groups of prokaryotes, the green sulfur 
bacteria (Chlorobiaceae) and the green filamentous 
bacteria (Chloroflexaceae, also called ‘green non- 
sulfur’ bacteria), have large cigar-shaped antenna 
complexes (chlorosomes) appressed to the inner 
surface of the plasma membrane (Chapter 6, 
Blankenship and Matsuura). This is the distinguishing 
feature of the two kinds of green bacteria and the 
only thing that unites them. The fact that chlorosomes 
are found in two such unrelated groups of bacteria 
suggests that one group must have acquired them 
from the other by lateral gene transfer (Olson, 1 998). 
The chlorosome’s structure is still incompletely 
understood, probably because it is largely made up of 
BChl, with a relatively small contribution from 
protein. In both groups, the BChls (BChls c, d or e) 
appear to be organized in rod-shaped aggregates 
surrounded by a lipid monolayer that forms the 
chlorosome envelope (Staehelin et al., 1978; 1980; 
Sprague and Varga, 1986; Olson, 1998; Chapter 6, 
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Blankenship and Matsuura). In contrast to all the 
other types of light-harvesting antenna, most of the 
proteins are not involved in binding BChl but rather 
are components of the chlorosome envelope 
(Vassilieva et al., 2000, 2002). The size and BChl 
content of chlorosomes is regulated by light and 
oxygen in the Chloroflexaceae, and to a lesser extent 
by light in the Chlorobiaceae (Oelze and Golecki, 
1995). It appears that the chlorosome envelope is 
present even when Chloroflexus is growing under 
non-photosynthetic (aerobic) conditions, and fills 
with BChl under conditions that induce the 
photosynthetic apparatus (Oelze and Golecki, 1995; 
Foidl et al., 1998). Some recent work suggests that 
Chlorobium chlorosomes also act as bags that can be 
filled with variable amounts of BChl c (Vassilieva, 
2002 ). 

Chlorosomes of both groups of green photo- 
synthetic bacteria can vary considerably in size and 
BChl content depending on the particular species 
(Sprague and Varga, 1986; Oelze and Golecki, 1995; 
Martinez-Planells et al., 2002). The chlorosomes of 
Chloroflexaceae are generally smaller than those of 
the Chlorobiaceae: roughly 100 x 30 x 15 nm, versus 
150 X 60 X 25 nm (Sprague and Varga, 1986; Oelze 
and Golecki, 1995; Olson, 1998). However, 
measurements by atomic force microscopy suggest 
these measurements are underestimates (Martinez- 
Planells et al., 2002). Olson (1998) estimated 100- 
200 chlorosome BChls/RC in Chloroflexus and 1 000- 
2000 BChls/RC in green sulfur bacteria. Although 
the exact number of BChls per chlorosome is 
debatable (Martinez-Planels et al,. 2002), it is clear 
that the chlorosomes increase the total size of the 
light-harvesting antenna system by several orders of 
magnitude in both divisions of green bacteria. 

The chlorosome has a baseplate that appears as an 
ordered array of small, tightly packed particles 
(Staehelin et al., 1978, 1980; Oelze and Golecki, 
1995). The baseplate binds the small amount of BChl 
a found in chlorosomes, and has a characteristic 
absorption maximum at 795 nm (Blankenship et al., 
1995). It is believed to act as intermediate in transfer 
of excitation energy from the BChl rods to the RCs 
(Olson, 1998; Chapter 6, Blankenship and Matsuura). 

2. The Fenna-Matthews-Olson (FMO) Protein 

The Fenna-Matthews-Olson protein is found only in 
the green sulfur bacteria. It consists of trimeric units, 
each composed of 7 BChls wrapped in a polypeptide 



beta barrel. There is no carotenoid associated with 
this complex. Because it is a soluble protein, it was 
the first chlorophyll-protein to be crystallized and 
have its structure determined to high resolution 
(Matthews et al., 1979). However, the structure of 
the FMO protein turned out to be unique, so it did not 
provide any insights into the structures of other Chl- 
proteins. Scanning transmission electron microscopy 
of FMO-RC complexes suggests that two FMO 
trimers are attached to each RC core (Remigy et al., 
2002). It is still not clear how much of the energy 
absorbed by the chlorosome pigments is transferred 
to the RC via the FMO protein (Chapter 6, Blanken- 
ship and Matsuura). 

3. Photosynthetic Membrane Organization 

The photosynthetic electron transport chains of 
Chlorobiaceae, Chloroflexaceae and heliobacteria 
are located in the cell membranes, which lack the 
elaborate invaginations seen in purple bacteria. This 
means that there is no lateral segregation of 
photosynthetic complexes from other membrane- 
bound enzymes such as dehydrogenases. The cell 
membranes of Heliobacterium chlorum are packed 
with particles, consistent with the high (70%) protein 
content of the membranes (Fuller et al., 1 985; Sprague 
and Varga, 1986). 

Ultrastructural studies on the green bacteria have 
concentrated on the chlorosomes and their mode of 
attachment to the membrane. Readers are referred to 
the excellent review by Oelze and Golecki ( 1 995) for 
both scanning and transmission electron micrographs; 
earlier work was reviewed by Sprague and Varga 
(1986). There is still some uncertainty about the 
location of the FMO protein in green sulfur bacteria. 
Trimers of the FMO protein are frequently modeled 
as forming a layer between the chlorosome baseplate 
and the RC (Olson, 1998; Vassilieva et al., 2000), or 
partly embedded in the lipid bilayer beside the RC 
with chlorosomes attached (Li et al., 1 997; Chapter 6, 
Blankenship and Matsuura). The fact that FMO-RC 
complexes can be isolated in an active state supports 
the idea that they are in direct contact in vivo (Remigy 
et al., 2002). The spatial relationship of baseplate, 
chlorosome and FMO protein to the cell membrane 
should be re-examined with samples prepared by the 
new high-pressure freezing technology. 

The Chloroflexaceae do not have the FMO protein, 
and each of their chlorosomes appears to be in direct 
contact with a number of RCs. In addition, each RC 
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is accompanied by a membrane-intrinsic light- 
harvesting complex that is believed to be similar to 
LHl of purple bacteria based on protein sequence 
similarity, although there is no direct evidence that it 
forms a ring around the RC (Chapter 6, Blankenship 
and Matsuura). Spectroscopically, this complex is 
more similar to purple bacterial LH2 in having two 
absorption maxima (at 808 and 865 nm), which 
implies that it probably contains three BChls per 
polypeptide dimer (see below). The spatial relation- 
ship between the chlorosomes and the LHl/2 
complexes in green filamentous bacteria is unknown. 

E. Purple Bacteria: Core and Distal Antennas 

1. LHt LH2 and LH3: An Antenna Family 

The antennas of purple bacteria are the best 
understood of all the light-harvesting antennas. The 
purple bacteria are easy to cultivate and are 
facultatively photosynthetic, which means that the 
development of the photosynthetic apparatus under 
anaerobic conditions can be studied and mutant strains 
can be preserved. A new era in the study of membrane 
proteins began with the first successful X-ray crystal 
structure of a membrane protein complex, that of the 
Rhodopseudomonas viridis RC (Deisenhofer et al., 
1985). High-resolution structures were later obtained 
for several of the antenna complexes (McDermott et 
al., 1995; Koepke et al, 1996; McLuskey et al., 
2001). This information has made it possible to 
undertake sophisticated structure-function studies 
employing targeted mutagenesis and in vitro 
reconstitution (Chapter 5, Robert et al.). 

The repeating unit of the LHl core antenna is a 
dimer of two small polypeptides, a and j6, each 
having one membrane-spanning helix and binding 
one BChl. Each pair has an associated carotenoid 
molecule that participates in energy transfer. The 
antenna complex probably consists of a ring of 12 to 
1 6 a/p pairs that partly or completely surrounds the 
RC. The 24 to 32 BChls are oriented in a very regular 
array with their planes perpendicular to the membrane 
plane and close enough to their neighbors to make 
energy transfer among them very efficient (Chapter 5, 
Robert et al.). 

The distal antennas (LH2, LH3) are composed of 
rings of a and P polypeptides whose sequences are 
related to those of the LHl a and P polypeptides. In 
contrast to LH 1 , however, the a/p dimer binds a third 
BChl, oriented parallel rather than perpendicular to 



the membrane plane. These complexes form rings of 

8 or 9 dimers containing a total of 24 to 27 BChls. 
Their absorption maxima are at shorter wavelengths 
than those of LHl, facilitating a ‘funnel’ type of 
excitation transfer. LH2 (B800-850) has absorption 
peaks at 800 and 850 nm, and LH3 (B800-820) at 
800 and 820 nm. The LH2 and LH3 rings are believed 
to abut the RC-LHl complex and transfer energy to 
the RC via LHl (Color Plate 3; Chapter 5, Robert et 
al.). 

2. Membrane Organization 

In contrast to the green bacteria and heliobacteria, 
purple bacteria grown in the light under anaerobic 
conditions develop extensive intracellular membranes 
derived from and continuous with the cell membrane 
(reviewed in Drews and Golecki, 1995). These 
membranes can be isolated as sealed vesicles 
(chromatophores). Depending on the species and the 
growth conditions, freeze-fracture studies show 
several size classes of intramembrane particles. In 
earlier studies it was suggested that particles of about 

9 nm were RCs without associated antennas and 
particles of 10-12 nm were RCs surrounded by a 
ring of LHl; the acquisition of LH2 was correlated 
with an increase in slightly larger particles, which 
were interpreted as RC-LHl surrounded by an LH2 
ring. However, it now seems clear that LH2 consists 
of rings that are separate from the RC-LHl complex 
(Chapter 5, Robert et al.). 

There is still lively debate over the supramolecular 
organization of LH 1 -RC and how this complex might 
be associated with the cytochrome bCj complex 
(Vermeglio and Joliot, 1999, 2002; Crofts, 2000; 
Frese et al., 2000). To complicate the situation, there 
appear to be significant inter-specific differences. It 
would be instructive to re-evaluate the older electron 
microscopic data in the light of current ideas about 
the structure of these macrocomplexes. 

F Cyanobacteria 

There is now convincing evidence that all chloroplasts 
are the descendants of a primitive cyanobacterium 
that established a permanent endosymbiotic 
relationship with a non-photosynthetic eukaryotic 
host (see Section III). This concept drives and 
illuminates much of the current research on 
cyanobacterial photosynthesis. Many aspects of this 
research were covered in the first volume of this 
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series, Molecular Biology of Cyanobacteria (Bryant, 
1995). The contributions of cyanobacteria to the 
structural elucidation of photosystems I and II are 
covered in Chapters 7 (van Amerongen and Dekker) 
and 8 (Fromme et al.) of this book; cyanobacterial 
phycobilisomes are discussed in detail in Chapter 9 
(Mimuro and Kikuchi). 

1. Core Antennas and Phycobilisomes 

Cyanobacteria are the only obligately aerobic group 
of photosynthetic prokaryotes. They are unique in 
having two photosystems organized in a linear 
electron transport chain, where electrons are extracted 
from water by PS II and donated to ferredoxin, 
NADP^ or other acceptors after a second excitation 
by PS I (Fig. 3). They are also distinguished by the 
fact that they do not make BChls. Instead, they use 
mainly Chi a, with the exception of Acaryochloris 
marina, which utilizes Chi d (reviewed by Akiyama 
et al., 2002). The core antennas of PS I carry a larger 
number of light-harvesting pigments than the FeS- 
type RC-antennas of the anaerobic bacteria (Table 
2). The core antennas of PS II (CP47, CP43) appear 
to be structurally (and probably evolutionarily) related 
to the ‘built-in’ antenna part of the PS I RC proteins 
PsaA and PsaB (Schubert et al., 1998; Zouni et al., 
2001; Kamiya and Shen, 2003). 

In addition to the core antennas, cyanobacteria 
have complex macromolecular structures called 
phycobilisomes attached to the cytoplasmic surface 
of the photosynthetic membranes (Fig. 4). The 
phycobilisome is the only light-harvesting antenna 
to utilize linear tetrapyrroles, the phycobilins, as 
chromophores. The phycobilin-binding proteins are 
assembled into hexameric rings, which are stacked 
on each other to form cylindrical rods (Fig. 4; 
Chapter 9, Mimuro and Kikuchi). The rods, made up 
of phycocyanin and phycoerythrin, are linked to core 
cylinders of allophycocyanin. These cylinders are in 
turn associated with the photosynthetic membrane, 
where they are bound to PS II and transfer most of 
their energy to it. Because the energy of the excited 
chromophores decreases in the order phycoerythrin 
> phycocyanin > allophycocyanin > PS II reaction 
center, a cascade of energy flows from the outermost 
phycoerythrin units into the PS II reaction centers. 
The structure and function of cyanobacterial 
phycobilisomes are discussed in detail in Chapter 9 
(Mamoru and Kikuchi), and in earlier reviews by 
Sidler (1995), Gantt (1995) and MacColl (1998). 



Regulation of phycobilisome structure and pigment 
content at the molecular level is covered in Chapter 
17 (Grossman et al.). 

Phycobilisomes and the FMO protein of green 
sulfur bacteria are the only antennas that do not 
contain carotenoids. It is generally accepted that 
carotenoids are essential for protecting other light- 
absorbing molecules from the deleterious side-effects 
of radiation. Whether the lack of carotenoids in these 
two types of antenna has something to do with their 
being extrinsic to the membrane is an open question. 
The only other ‘soluble’ antenna is the peridinin-Chl 
a protein of dinoflagellates. In this antenna, which is 
located in the thylakoid lumen, the carotenoids are 
the main antenna molecules and the Chi serves to 
transfer energy to other antennas or to the reaction 
centers (Chapter 14, Macpherson and Hiller). 

2. Photosynthetic Membrane Organization 

The photosynthetic membranes of cyanobacteria are 
usually visualized as single flattened membrane sacs 
(thylakoid membranes) lying in the cytoplasm of the 
cell. The membranes are not appressed to each other 
because their outside surfaces are covered with 
phycobilisomes. The number and arrangement of the 
membranes are species-specific and dependent on 
physiological conditions (Staehelin, 1986; Olive et 
al., 1997). In contrast to the chromatophores of 
purple bacteria, cyanobacterial thylakoids may not 
be physically connected to the plasma membrane, or 
connections may be rare. This question is not settled 
(Gantt, 1995; Mullineaux, 1999; Zak et al., 2001). 
Some but not all of the core proteins of the 
photosystems are found in purified plasma mem- 
branes of Synechocystis sp. PCC 6803, suggesting 
that initial stages of assembly occur in the plasma 
membrane, not the thylakoid membranes (Zak et al., 
2001). This could be explained if there are dynamic 
(temporary) connections between the two membrane 
systems, or if there is vesicular transport between 
them, something that has not yet been reported in 
prokaryotes. 

Whereas completely assembled photosystems are 
found only in the thylakoid membranes, functioning 
respiratory complexes are found in both cytoplasmic 
and thylakoid membranes (Gantt, 1995). This means 
that there is no segregation of 02 -producing and 02 - 
utilizing reactions in the thylakoid membranes. The 
‘primitive’ cyanobacterium Gloeobacter does not 
have thylakoids, but carries out both photosynthesis 
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and respiration in the plasma membrane (Guglielmi 
etal, 1981). 

Since there is no surface contact between thylakoids 
in cyanobacteria, they do not form grana as do higher 
plant thylakoids, and there is no lateral segregation 
of the two photosystems. However, there does appear 
to be a mechanism for regulating the relative amount 
of excitation energy delivered to PS II versus PS I 
(reviewed by Fujita etal., 1995; van Thor etal., 1998; 
Mullineaux, 1999; Li et al., 2001. PS I units, with 
80-90 antenna Chls each, greatly outnumber PS II 
units. Phycobilisomes, with many more chromo- 
phores, appear to transfer most of their absorbed 
energy to PS II. However, there is evidence that some 
of this energy is transferred to PS I, and that the 
amount transferred is increased in a ‘ state transition’ 
after illumination by light preferentially absorbed by 
PS II. Just how this transfer occurs is unclear (Fujita 
et al., 1995; Olive et al., 1997; Mullineaux, 1999; Li 
et al., 2001). It could involve direct transfer from 
PS II to PS I (requiring that the distance between the 
two photosystems can change) or movement of the 
phycobilisome itself from PS II to PS I. Alternatively, 
if the phycobilisome detached from PS II without 
movement to PS I, it would decrease the efficiency of 
energy transfer to PS II and give the appearance of a 
relative increase in the amount of energy reaching 
PS I. Phycobilisomes evidently are attached to PS II 
in some way, but the nature of the attachment is not 
clear (Gantt, 1995; Bald et al., 1996; Mullineaux, 
1999; Sarcina et al., 2001). Measurements of 
fluorescence recovery after photobleaching showed 
that phycobilisomes diffuse in the plane of the 
membrane at an unexpectedly high rate, whereas 
PS II is stationary on the same time scale (Sarcina et 
al., 2001). This would be consistent with either 
detachment or movement of the PBS. However, 
freeze-fracture studies support movement of PS II 
units in the plane of the membrane (Olive et al., 
1997). 

3. Exceptions to the Rule: Chi b in 
Prochlorophytes and Chid in Acaryochloris 

The prochlorophytes are a heterogeneous group of 
cyanobacteria distinguished from other cyanobacteria 
by having a Chi a/b light-harvesting antenna and no 
phycobilisomes, although some strains do have small 
amounts of phycobiliproteins (Matthijs et al., 1995; 
Partensky et al., 1999; Ting et al., 2002). The three 
known genera of prochlorophytes, Prochloron, 



Prochlorothrix and Prochlorococcus, occupy very 
different habitats, have different pigment ratios, and 
are not related to each other on 1 6S rRNA or protein 
trees (Turner, 1997; Urbach etal., 1998; Turner etal., 

1 999). However, the genes encoding chlorophyllide a 
oxygenase, the enzyme that converts chlorophyllide a 
to chlorophyllide b, do appear to be related, suggesting 
either common descent or lateral gene transfer 
(Tomitani et al., 1999; Chapter 4, Green). 

The prochlorophyte Chi a/b polypeptides (Pcbs) 
are not related to the Chi a/b proteins of plants and 
green algae, but are part of the PS II Core Complex 
family (Table 1); i.e., they are related to CP43, and 
more distantly to CP47 (LaRoche et al, 1996; van 
der Staay et al, 1998; Chapter 4, Green). The 
Prochlorococcus antenna binds divinyl Chi a (Chi a^ 
and divinyl Chi b (Chi 62 ) rather than Chi a and b, and 
pigment ratios depend on the ecotype (Partensky et 
al, 1999). In a low-light-adapted strain of Proc/z/oro- 
coccus, 1 8 Pcb antenna proteins form a ring around 
PS I, approximately doubling the antenna size (Bibby 
et al, 2001a). The Pcb icon in Fig. 4 is placed next to 
CP43 to show its relationship with CP43 , but whether 
Pcbs can be associated with both PS II and PS I, and 
whether their location depends on light and nutrient 
conditions remain to be determined. 

The prochlorophyte Pcb proteins are closely related 
to another member of the Core Complex family, the 
Chi a-binding IsiA protein (sometimes referred to as 
CP43'), which is synthesized in all cyanobacteria in 
response to Fe deprivation and the subsequent down- 
regulation of phycobilisomes and Chi a. CP43 ' was 
originally believed to be associated with PS II and a 
number of possible roles were proposed (reviewed in 
Burnap et al, 1993; Falk et al, 1995), including 
acting as a nonradiative energy dissipater (Park et al, 
1 999; Sandstrdm et al, 2002). However, it has recently 
been shown to form a ring with 18-fold rotational 
symmetry around PS I (Bibby et al, 200 lb, c; 
Boekema et al, 2001a) and to increase the PS I 
antenna size by a factor of two (Andrizhiyevskaya et 
al, 2002). The IsiA-PS I trimer complex is the 
source of the increased 685 nm fluorescence emission 
usually attributed to the PS II antenna (Sandstrom et 
al, 2001, 2002). The evolution of this family is 
discussed in more detail in Chapter 4 (Green). 

Acaryochloris marina is an unusual cyano- 
bacterium that contains mostly Chi d, with only 
about 3% Chi a (Miyashita et al, 1 996; Boichenko et 
al, 2000; Akiyama et al, 2002). Photosystem I 
appears to contain only Chi d, and its special pair 
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absorbs at 740 rather than 700 nm (Hu et al, 1998; 
Boichenko et ah, 2000). Four Chi a and two 
pheophytin a molecules probably are part of the PS II 
reaction center (Boichenko et al., 2000; Akiyama et 
al., 2002). A. marina has a membrane-intrinsic light- 
harvesting antenna with a polypeptide of 34-35 kDa 
that may bind some Chi a as well as Chi d (Chen et 
al., 2002). Like the prochlorophytes, it does not have 
phycobilisomes but instead has short rods made of 
phycocyanin or a mixture of phycocyanin and 
allophycocyanin, which transfer energy to PS II 
(Marquardt et al., 1997; Hu et al., 1999). 



III. Chloroplasts of Photosynthetic 
Eukaryotes 

A. Evolutionary Origin of Chloroplasts 

1. Primary Endosymbiosis 

Many lines of evidence support the idea that the 
chloroplast originated from a cyanobacterium that 



was engulfed by (or invaded) a non-photosynthetic 
eukaryote that already had a mitochondrion (Gray, 
1992, 1999; Douglas, 1998; McFadden, 1999, 2001; 
Cavalier-Smith, 2000). This ancestral cyanobacterium 
established a stable endosymbiotic relationship with 
its host and eventually became an integral part of the 
host cell (Fig. 5A). The photosynthetic membranes 
of chloroplasts and cyanobacteria have many 
structural and functional similarities, which include 
strong similarities between the phycobilisomes of 
cyanobacteria and those of red and glaucophyte algae 
(Chapter 9, Mimuro and Kikuchi; Chapter 10, Gantt 
et al.). Furthermore, chloroplast genomes contain 
100-200 genes, which consistently group with their 
cyanobacterial homologs on phylogenetic trees 
(Delwiche et al., 1995; Martin et al., 1998, 2002; 
Adachi et al., 2000). However, within the cyano- 
bacteria-chloroplast clade, the chloroplast sequences 
are on a unique branch, so that it has not been 
possible to determine which group of cyanobacteria 
might have been the ancestor of the chloroplast 
(Turner, 1997; Turner et al., 1999). This is hardly 
surprising, considering that the primary endo- 





Fig. 5. Origin of chloroplasts by endosymbiogenesis. A. Primary endosymbiosis gave rise to the common ancestor of red, green and 
glaucophyte algae. B. Secondary endosymbioses gave rise to the other algal groups. It is still not clear how many different seeondary 
endosymbiogenic events there were. Nl, N2 — nuclei of first host and second host, respectively; Nm — nucleomorph (relict of Nl). *- 
euglenoids and dinoflagellates have only three membranes surrounding the chloroplast. Chloroplast ER may or may not have ribosomes 
on its cytoplasmic surface, but in both cases it is continuous with the rough endoplasmic reticulum (ER) (Ishida et al., 2000). Compare 
Figs. 8 and 9. 
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symbiosis that gave rise to the chloroplast may have 
occurred as long as 1 .2 billion years ago (Chapter 4, 
Green). The ancestral cyanobacterial line may now 
be extinct, or the gene sequences may have diverged 
so much that the relationships are unrecognizable. 

The establishment of the primary endosymbiosis 
required many steps (Table 3). The endosymbiont 
would probably have used existing mechanisms that 
allowed bacterial cells to invade and multiply in 
eukaryotic cells, such as the systems that allow 
rhizobial infection of root cells by nitrogen-fixing 
bacteria, or those of the intracellular bacterial parasites 
of animals (Hueck, 1998; Marie et al., 2001 ; Biittner 
and Bonas, 2002)). The metabolic systems of the two 
cells would have gradually become coordinated, 
probably adapting existing transporters to transfer 
ions and small molecules between host and 
endosymbiont. Copies of endosymbiont genes were 
transferred to the host nucleus, by mechanisms that 
are still not well understood but which are in use 
today (reviewed by Millen et al., 2001). Some genes 
acquired suitable promoters, possibly by insertion 
next to a host promoter; these allowed them to be 
expressed and the encoded proteins synthesized on 
cytoplasmic ribosomes. Some of the proteins provided 
functions the host did not have, or functioned more 
efficiently than the host homolog and eventually 
replaced it. For example, it appears that a number of 



plant glycolytic genes were acquired from the 
chloroplast and are not related to nuclear genes of 
non-photosynthetic eukaryotes (Martin and Schnar- 
renberger, 1997; Martin and Hermann, 1998). 

Some of the transferred genes acquired sequences 
that allowed their products to be imported back into 
the chloroplast. These included genes for most of the 
enzymes of carbon fixation, lipid metabolism 
(including galactolipid synthesis), and pigment and 
isoprenoid biosynthesis (Martin et al., 2002). An 
essential step was therefore the co-evolution of protein 
import systems (Cavalier-Smith, 2000). As the 
endosymbiont became more integrated into the host 
cell, regulatory systems to coordinate metabolic 
pathways had to evolve. Eventually most endo- 
symbiont genes were lost because their functions 
were no longer needed, or they were rendered 
redundant by nuclear-encoded genes of either host or 
endosymbiont origin. 

Similarity of gene content and gene order, as well 
as phylogenetic analysis, supports the idea that a 
single successful primary endosymbiogenesis gave 
rise to the ancestor of all chloroplasts (Martin et al., 
1998, 2002; Stoebe and Kowallik, 1999; Palmer, 
2000). Given the complicated nature of this process, 
it is hardly surprising that the successful reduction of 
the cyanobacterial ancestor to a completely integrated 
part of the eukaryotic cell happened only once. This 



Table 3. Steps involved in primary endosymbiosis 

1 . Mechanisms to avoid destruction by host defenses. May have involved a host with defective phagosomal membranes, 
or an endosymbiont with an invasive system similar to those possessed by modem bacterial intracellular pathogens such 
as Listeria and Legionella. 

1. Adaptation of small-molecule transport systems to allow passage of photosynthate from endosymbiont to host, and other 
nutrients from host to endosymbiont. 

3. Transfer of copies of endosymbiont genes to host nucleus. 

a. Successful copy transfer involved the acquisition of promoters, allowing them to be expressed, and their products 
synthesized on cytoplasmic ribosomes. Some of them eventually replaced or augmented host genes and 
functions. 

b. Some genes also acquired presequences that enabled the proteins to be taken up by the endosymbiont. 

c. Some host genes also acquired presequences allowing their products to be imported into the endosymbiont. 

4. Co-evolution of protein import systems in the chloroplast envelope. 

5. Coordination of carbohydrate, isoprenoid and lipid biosynthesis pathways as well as ion and small-molecule transport 
systems. 

6. Loss of genes from chloroplast genome; 

a. Some functions were no longer needed (e.g. cell wall synthesis) or were redundant (provided by host cell). 

b. Nuclear copies of transferred genes worked more efficiently, or were under better control. 

c. Eventual reduction to current number of 100-200 genes. 




16 



Beverley R. Green, Jan M. Anderson, William W. Parson 



does not mean that it was the only endosymbiotic 
relationship between cyanobacteria and non- 
photosynthetic eukaryotes to have developed over 
the hundreds of millions of years of existence of 
eukaryotes. As mentioned above, there are a number 
of extant examples of intracellular bacterial 
endosymbionts, which have lost some genes but 
have not progressed to the stage of complete 
integration within their host’s cell (Hueck, 1998). 

The descendants of the first photosynthetic 
eukaryote gave rise to three algal lineages: the green 
line (green algae and plants), the red line (rhodophyte 
algae) and the glaucophyte algae (Fig. 6). All of these 
have chloroplasts surrounded by two envelope 
membranes, which are believed to have originated 
from the two cell membranes of the gram negative 
cyanobacterial ancestor. In fact, glaucophytes retain 
a residual peptidoglycan layer between the two 
membranes, analogous to that of the cyanobacteria. 
Molecular phylogenetic analysis suggests that the 
glaucophyte line branched off first, followed by the 
divergence of the red and green algae from a common 
ancestor (Martin et al., 1998, 2002; Stoebe and 
Kowallik, 1999; Moreira et al., 2000; Palmer, 2000). 

The glaucophytes make only Chi a and use 
phycobilisomes as their antenna system (in addition 
to the Core Complex antennas). They are the only 
group of photosynthetic eukaryotes that do not have 
members of the LHC (light-harvesting complex) 
superfamily (see below). Red algae also use phyco- 
bilisomes and make only Chi a, but they have a PS I- 
associated LHC antenna that binds only Chi a 
(Chapter 10, Gantt et al.). The green algae have lost 
phycobilisomes but are able to make Chi b, which is 
bound along with Chi a to members of an expanded 
LHC protein family associated with both photo- 
systems. 

This raises the question of where Chi b synthesis 
arose. It has been suggested that all cyanobacteria 
originally made Chi 6, but that the gene was lost in all 
lines except those that gave rise to the chloroplast 
ancestor and the three prochlorophytes (Bryant, 
1992). This scenario is supported by the sequence 
relatedness of cyanobacterial, plant and green algal 
chlorophyllide a oxygenases (Tomitani et al., 1999). 
However, the possibility that the enzyme arose in one 
of the four cyanobacterial groups and was passed to 
the others by lateral gene transfer should also be 
considered (Raymond et al., 2002; Chapter 4, Green). 



2. Secondary Endosymbioses 

Not all chloroplasts are descended directly from the 
primary endosymbiont. There are a number of algal 
groups whose chloroplasts are surrounded by three 
or four bounding membranes (Fig. 5B, Fig. 6). These 
include the euglenoids and chorarachniophytes, which 
have Chi b, and all the algae with Chls c: heterokonts, 
haptophytes, cryptophytes and dinofiagellates. It was 
first suggested by S. P. Gibbs (1981) that these algae 
were the product of secondary endosymbiosis, where 
non-photosynthetic eukaryotes engulfed and enslaved 
either green or red algae, got rid of most of the 
engulfed cell, and domesticated the chloroplast 
(Palmer and Delwiche, 1996; Douglas, 1998; 
Cavalier-Smith, 2000; MacFadden 1999, 2001). Of 
the four membranes now surrounding the chloroplast, 
the inner two originate from the original plastid 
envelope and the next one (periplastid membrane) 
from the endosymbiont’s cell membrane (Fig. 5). 
The outermost membrane appears to be part of the 
host’s endomembrane system and was probably 
derived from fusion of the food vacuole membrane 
with the host’s endoplasmic reticulum (ER) (Cavalier- 
Smith, 2000). As a result, the choloroplast can now 
be considered to be in the lumen of the ER. The 
periplastidal membrane would have been lost in the 
euglenoid and dinoflagellate lines, which have only 
three membranes around their chloroplasts. 

The best evidence in favor of secondary endo- 
symbiosis is the continued existence in two algal 
groups of a remnant of the endosymbiont’s old nucleus 
called the nucleomorph. The cryptophyte nucleo- 
morph has three miniature chromosomes that retain 
about 400 protein-coding genes, only about 30 of 
which are targeted to the chloroplast. Most of the 
genes are required just for maintenance of the 
nucleomorph (Zauner et al., 2000; Douglas et al, 
2001). The Chlorarachnion nucleomorph also has 
three minichromosomes that are similar to the 
cryptophyte nucleomorph chromosomes in being 
very compact, having overlapping genes, and having 
rRNA gene clusters at the ends of the chromosomes 
(Gilson and McFadden, 1996; 2002). 

It appears that many genes were transferred from 
the nucleus of the endosymbiont to the nucleus of the 
host during the establishment of the secondary 
endosymbiosis, and that there has been relatively 
little gene transfer from the chloroplast to the nucleus 
of the second host. In order for the endosymbiosis to 
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“Green line” 

Fig. 6. Schematic evolutionary tree of all groups known to have chloroplasts and their photosynthetic pigments. * indicates that 
chlorarachniophytes and cryptophytes still retain a nucleomorph. PBS, phycobilisomes. Cryptophytes have phycobiliproteins in the 
thylakoid lumen, but do not have phycobilisomes (Chapter 11, Macpherson and Hiller). 



be successful, the host had to develop a mechanism 
for transporting chloroplast-targeted proteins across 
four membranes. It was suggested by Gibbs (1979) 
and later shown experimentally that the first step is 
translation of these proteins on ribosomes bound to 
the ER membrane and their insertion into the lumen 
of the ER (Bhaya and Grossman, 1991; Lang et ah, 

1 998; Ishida et ah, 2000, Apt et ah, 2002). Nothing is 
known about how the proteins traverse the peri- 
plastidal membrane, but it is assumed that once they 
do, they engage the normal chloroplast envelope 
translocon (Apt et al., 2002). 

Molecular evidence as well as pigment composition 
suggests that green algal endosymbionts provided 
the chloroplasts of both euglenoids and chlor- 
arachniophytes but that the host cells were different, 
i.e. they are the result of two independent secondary 
endosymbioses (McFadden, 2001). There is consider- 
ably more debate about the number of endosymbioses 
in the ‘red line’ (Douglas, 1998; Cavalier-Smith 
2000; McFadden, 200 1 ). Most nuclear gene trees put 
haptophytes, heterokonts and cryptophytes on 
completely separate branches (Ben Ali et al, 2001), 
suggesting that they may be the result of three 
secondary endosymbioses, but a recent analysis of 
concatenated chloroplast genes supports their origin 



from a single secondary endosymbiosis (Yoon et al., 

2002 ). 

Dinoflagellates are a more complicated story. 
According to nuclear rRNA gene phylogenies, their 
closest relatives are the apicomplexans, which include 
parasites such as Plasmodium and Toxoplasma. Many 
of the apicomplexa have a relict non-photosynthetic 
plastid with a small genome (reviewed by Wilson, 
2002). These genomes carry no photosynthetic genes, 
but do have rRNA and some ribosomal protein genes 
as well as four other open reading frames that are 
highly conserved among all chloroplasts. The rRNA 
sequences of dinoflagellate and apicomplexanplastids 
are so divergent that it is not possible to tell if the 
plastids had a common ancestor (Zhang et al., 2000). 
Other genes are equally divergent, and there is consid- 
erable debate about whether the apicomplexans had 
a red algal or a green algal ancestor (Kohler et al., 
1997; Fast et al., 2001; Funes et al., 2002). However, 
conserved plastid genes encoding photosynthetic 
membrane proteins (Zhang etal., 1999) and a number 
of nuclear genes including those encoding the major 
Chi a/c light-harvest complex proteins (Durnford et 
al., 1999; Deane et al., 2000) support the red algal 
origin of the dinoflagellate plastid. 
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Fig. 7. Eukaryotic light-harvesting antennas. CCI, CCII - core complexes of PS I and PS II, respectively. Elongated ovals, members of 
the LHC superfamily: spotted, red algal LHCI (Chi a only); white, various members of Chi a/b clade; striped or hatched, fucoxanthin Chi 
a/c proteins. Cryptophytes have phycobiliproteins in thylakoid lumen (dark gray bar) but no phycobilisomes. Trimeric structures in 
dinoflagellate lumen are peridinin Chi a protein. Chloroplast stroma is at top of figures. Eor abbreviations, see text and Table 4. 



B. Thylakoid Membrane Structure: Algae and 
Their LHCs 

The thylakoid membranes of all chloroplasts appear 
as flattened membrane sacs, which may or may not 
be appressed to each other. The chloroplasts of 
different algal groups differ in the particular light- 
harvesting antennas they employ (Fig. 7), and in the 
arrangement of the thylakoids (Figs. 8, 9). There are 
differences not only in the way light is absorbed and 
transmitted to the core complexes, but also in the 
way excitation energy transfer is modified to deal 
with changing environmental conditions. The latter 
aspect is discussed extensively in the chapters of 
Part III. 

Chloroplasts are distinguished from cyanobacteria 
in having membrane-intrinsic antenna complexes of 
the LHC superfamily. Even though this family may 
have originated from small one-helix proteins found 
in cyanobacteria (Green, Chapter 4; Green and 
Kiihlbrandt, 1995), the three-helix members that 
bind both Chi and carotenoids and have a demon- 



strated light-harvesting function are found only in 
eukaryotes (Fig. 7). Members of the LHC superfamily 
function not only to harvest light, but also to protect 
the photosynthetic apparatus against too much light. 
The family is particularly diversified in the green 
algae and plants, where its members are involved in 
a bewildering array of mechanisms for dealing with 
excitation energy. This is particularly important for 
land plants, which are exposed to a great range of 
light intensities coupled with the threats of desiccation 
stress and extreme temperature (Chapter 13, Krause 
and Jahns; Chapter 14, Huner et al.). 

The structure of the major LHC (LHCII) of pea 
has been determined by electron crystallography 
(Kiihlbrandt et al., 1994). The LHCs of other 
eukaryotes share enough sequence similarity, 
especially in the membrane domains, that they can 
be modeled on the LHCII structure. Cartoons showing 
predicted shape and conserved Chi binding residues 
in the LHCs of different groups can be found in 
Chapter 7 (van Amerongen and Dekker), Chapter 10 
(Gantt et al.) and Chapter 1 1 (Macpherson and Hiller). 
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Fig. 8. Algal chloroplast ultrastructure. A. Red alga Porphyridium cruentum, showing the two envelope membranes and single thylakoids 
with phycobilisomes attached. 1, cross section, 2, grazing section over thylakoid face. Phycobilisome dimensions are about 50 x 32 nm. 
B. Heterokont alga Heterosigma akashiwo, showing thylakoids in groups of three, appressed along most of their length, cer, chloroplast 
ER; ppm, periplastid membrane; white circle shows inner and outer envelope membranes. A, courtesy of E. Gantt, B. courtesy of K Ishida. 



grana 



stroma thylakoid 



Fig. 9. Higher plant chloroplast ultrastructure (cucumber fruit). Note grana and stroma thylakoids, and two envelope membranes 
(arrowhead). Courtesy of A. L. Samuels. 



The LHCs of all algal groups were reviewed by 
Green and Durnford (1996), and will be discussed 
very briefly along with thylakoid membrane structure 
in the rest of this section. Higher plant chloroplasts 
and their Chi a/b protein complexes have been 
extensively studied; they are covered in section IIIC. 

1. Rhodophyte Algae 

The thylakoids of red algae are single, mostly parallel 
but not appressed to each other because their surfaces 
are covered with phycobilisomes (Fig. 8A). The 



phycobilisomes appear to transfer energy prefer- 
entially to PS II, like those of cyanobacteria (Gantt, 
1995). In addition, red algae have a LHCI antenna 
(i.e. associated only with PS I) consisting of a number 
of proteins that bind only Chi a and carotenoids 
(Wolfe et al., 1994; Tan et al., 1997; Table 4). Fast 
responses to changes in light intensity or quality 
(state transitions) appear to be controlled via the 
trans-thylakoid pH gradient, while acclimation 
involves changes in the PS II/PS I ratio and antenna 
size (Chapter 10, Gantt et al.). 
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2. Cryptophyte Algae 

Thylakoids of the cryptophyte algae are only loosely 
appressed in pairs. They do not have phycobilisomes, 
but have unique phycobiliprotein dimers located in 
the thylakoid lumen (Chapter 11, Macpherson and 
Hiller). The cryptophyte bilin pigments are also 
distinctive (Chapter 2, Scheer; Chapter 9, Mimuro 
and Kikuchi; Glazer and Wedemeyer, 1995). 
Cryptophytes also have a Chi a/c LHC antenna 
(Table 4). The three available protein sequences cluster 
with the red algal LHCI proteins (Deane et al., 2000; 
Chapter 4, Green; Chapter 11, Macpherson and 
Hiller). There is some evidence supporting the 
preferential association of this antenna with PS I 
(Chapter 11, Macpherson and Hiller). Immuno- 
cytochemistry showed no evidence for lateral 
heterogeneity of the photosystems in the plane of the 
membrane (Lichtle et al., 1992a). 

3. Heterokonts and Haptophytes 

The thylakoids of these algae are arranged in groups 
of three appressed along most of their length (Fig. 
8B). They have Chi a/c antennas that bind large 
amounts of the carotenoid fucoxanthin; the 19- 
acyloxy derivatives of fucoxanthin are a distin- 
guishing characteristic of haptophytes. Most of the 
gene sequences are highly related to each other 
within the same organism, and are in the same branch 
of the phylogenetic tree (Durnford et al., 1 999; Deane 
et al., 2000). However, a few sequences fall into the 
same clade as the red algal LHCI and the cryptophyte 
LHCs (Eppard and Rhiel, 1998; Eppard et al., 2000; 
Chapter 4, Green). With one possible exception, 
there is little evidence for association of any particular 
antenna protein with one photosystem or the other 
(Chapter 11, Macpherson and Hiller). 

Immuno-electron microscopy showed no evidence 
of lateral segregation of PS I from PS II or the major 
fucoxanthin Chi a/c protein in the plane of the 
membrane in brown algae (Lichtle et al., 1992b) or 
diatoms (Pyszniak and Gibbs, 1992). Rather, there 
appears to be a greater concentration of both PS II 
and PS I complexes in stacked membrane domains 
compared to unstacked areas, although only a limited 
number of species have been examined. There may 
be varying and distinct microdomain organization of 
the photosystems within these stacked membrane 
domains. Excitation energy regulation may not 
involve state transitions or phosphorylation but does 



involve a modified xanthophyll cycle (Lohr and 
Wilhelm, 1999). 

4. Dinoflagellates 

Dinoflagellates have peridinin Chi a/c antennas whose 
sequences place them at the base of the major 
fucoxanthin Chi a/c clade (Durnford et al., 1999; 
Deane et al., 2000). There is no information about 
how the antenna proteins are organized with respect 
to the two photosystems or whether they are evenly 
distributed along the membrane (Chapter 11, 
Macpherson and Hiller). However, ‘normal’ 
peridinin-containing dinoflagellates have a soluble 
antenna, the unique peridinin-Chl a complex, which 
is located in the thylakoid lumen. Its structure has 
been determined to high resolution and it is now the 
subject of many on-going biophysical investigations 
(Chapter 11, Macpherson and Hiller). 

5. Green Algae 

All green algal thylakoids have both stacked 
(appressed) and unstacked (non-appressed) regions. 
Often, e.g. in Chlamydomonas, membrane stacking 
occurs over quite long and irregular regions that 
rarely involve more than two or three thylakoids. The 
space between stacked thylakoids is wider in most 
green algae than in higher plants. Euglena thylakoids 
have irregular stacked and unstacked regions, 
consistent with their origin from a secondary green 
algal symbiont. Land plants are believed to have 
evolved from one class of green algae, the Charophyta 
(Bhattacharya and Medlin, 1998), and only in this 
group (e.g. Nitella) is the membrane organization 
virtually indistinguishable from that of plant 
chloroplasts, with regularly-aligned, appressed 
thylakoids. The thylakoids of these algae form grana 
stacks with more than two or three thylakoids per 
granum, interconnected through single stroma 
thylakoids. 

It was widely assumed that the lateral heterogeneity 
of PS II and PS I distribution between appressed and 
non-appressed membranes of higher plant thylakoids 
(see below) would also be found in most green algae. 
However, studies with antisera to PS II and PS I 
components showed that a prasinophyte, Tetraselmis 
subcordiformis (Song and Gibbs, 1995) and 
Chlamydomonas reinhardtii (Bertos and Gibbs, 1 998) 
have the same ratios of PS II/PS I in both stacked and 
unstacked areas, with a greater concentration of both 
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Table 4 . LHC antennas, membrane structure and energy regulation 



Group 


LHC Antenna 




Other Antennas 


Thylakoid Organization 


Energy regulation 
mechanisms 




Major Pigments 


Protein 

Names 


Photo- 

system 








Rhodophytes 


Chi a, 

zeaxanthin, 

Z?-carotene 


Lhcr, 

LhcaR 


PS I 


Phycobilisomes 


Single, unappressed 


State transitions 
(ApH), PSI/PSII ratio 


Cryptophytes 


Chi a, Chls c 
Alloxanthin 


Lhcc 


PS I? 


Phycobilins 


Pairs, appressed. Electron- 
dense lumen 


7 


Heterokonts 

and 

Haptophytes 


Chi a, Chls c, 
fucoxanthin 


Lhcf 


? 


- 


Threes, appressed. No 
lateral segregation of PS I 
from PSII or major FCP 


Xanthophyll cycle 


Dinoflagellates Chi a, Chi C2, 
peridinin 


Lhcd 


? 


Peridinin-Chl a 
protein 


Triplets, appressed. No 
lateral segregation? 


7 


Chlorophyte Chi a, Chi b, 

algae and green lutein 
plants 


Lhca 

Lhcb 


PS I 
PS II 




Stacked (grana) and single 
(stroma) thylakoids. Lateral 
segregation of PS II and PS I 


State transitions 
(LHCII movement), 
xanthophyll cycle, 
ApH, phosphorylation 



photosystems in the stacked membrane domain, 
consistent with the distribution of freeze-fracture- 
particles (Staehelin, 1986). In contrast, earlier freeze 
fracture results (Olive and Wollman, 1 988) suggested 
that PS I was present only in unstacked regions. 

Confocal microscopy has been used elegantly by 
Gunning and Schwartz ( 1 999) to demonstrate whether 
or not the photosystems are mainly segregated from 
each other in the green algae. Some members of the 
Charophyta showed bright areas of PS II fluorescence, 
indistinguishable from the grana of higher plants, 
suggesting lateral segregation of PS II from PS I. 
Other algae, including Chlamydomonas, revealed 
uniform fluorescence indicative of more uniform 
mixing of PS II and PS I in both stacked and unstacked 
membrane domains. 

C. Higher Plant Chloroplasts and Their 
Antennas 

1. Granal Structure and Lateral Segregation 

In plant chloroplasts, the single continuous thylakoid 
membrane network is structurally differentiated into 
regular domains of closely appressed membranes in 
granal stacks (diameter 400-500 nm) (Staehelin and 
van der Staay, 1996), which are interconnected by 
single, non-stacked stroma thylakoids (Fig. 9). Only 
the outer surface of stroma thylakoids and the margins 



and end membranes of grana stacks have direct 
contact with the chloroplast stroma and constitute 
the nonappressed membrane domains. 

The striking structural differentiation of vascular 
plant thylakoids is accompanied by a functional 
differentiation involving lateral heterogeneity in the 
distribution of thylakoid membrane complexes. ATP 
synthase with its bulky head group and the PS I 
complex with bulky stroma-facing proteins are 
located exclusively in nonappressed membrane 
domains (Andersson and Anderson, 1980). Most 
PS II complexes with large antennas are located as 
PS II dimers in the appressed membrane regions, 
while fewer PS IIs with smaller antennas are located 
in the non-appressed domains. Linear electron 
transport and noncyclic photophosphorylation are 
confined to the grana, while cyclic photophos- 
phorylation occurs in stroma thylakoids and end 
grana membranes (Albertsson, 1995, 2001). The 
cytochrome b^f complex occurs in both membrane 
domains, and its distribution between these two 
regions is highly dynamic. 

Appressed granal formation depends on the 
interplay of van der Waals’ attraction (largely 
conferred by LHCII), electrostatic repulsion and 
short-range hydration repulsion between thylakoid 
membranes, with the ordering of certain thylakoid 
protein complexes in appressed domains being driven 
by an increase in the overall entropy of the system 
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(Chow, 1999). If isolated plant thylakoid membranes 
are suspended in low-salt zwitterionic buffers such 
as tricine, membrane appression is gradually lost and 
the membranes became completely unstacked. 
Fractionation of unstacked membranes by detergents 
results in submembrane fractions with similar Chi a/b 
ratios and both PS II and PS I activities, demonstrating 
a uniform distribution of the photosystems (Izawa 
and Good, 1966). 

Although not essential for photosynthesis, grana 
stacking confers advantages for photosynthetic 
function and its dynamic regulation (Anderson, 1 999). 
The segregation of most PS II dimers in appressed 
granal domains limits excessive spillover of excitation 
energy from PS II to PS I (Anderson 1981). It also 
separates ‘kinetically slow’ PS II from ‘fast’ PS I 
(Trissl and Wilhelm, 1993). Grana stacking also 
allows maximum connectivity of LHCII both along 
and across the stacked granal domains and aids in the 
regulation of photosynthesis by balancing energy 
utilization with energy dissipation (Anderson 1999). 
Under high light, non-functional PS II units 
accumulate, thereby delaying the degradation of D1 
protein and PS II disassembly: this is a major 
photoprotective strategy for plants (Anderson and 
Aro, 1994). 

2. The LHC Superfamily 

The ten distinct chlorophyll a/b proteins encoded by 
different Lhc nuclear-encoded genes bind varying 
amounts of Chi a, Chi b and the xanthophylls lutein, 
neoxanthin, violaxanthin, antheraxanthin and 
zeaxanthin. The PS II antenna consists of minor 
peripheral antenna complexes CP29 (Lhcb4), CP26 
(Lhcb5) and CP24 (Lhcb6) and the major outer 
LHCII antenna with the lowest Chi a/b ratio, which 
comprises Lhcbl/Lhcb2 and Lhcbl/Lhcb3 hetero- 
trimers and Lhcbl homotrimers (Chapter?, van 
Amerongen and Dekker). The PS I antenna (LHCI), 
comprising four Lhca proteins, Lhcal through to 
Lhca4, is exclusively associated with PS I as Lhca2 
and Lhca3 dimers and Lhcal/Lhca4 heterodimers 
(Fromme et al.. Chapter 8). A variable amount of 
phosphorylated LHCII trimers may also be attached 
to PS I during state transitions (Chapter 13, Krause 
and Jahns; Chapter 15, Falkowski and Chen). 
Angiosperms and gymnosperms, which diverged 
about 350 million years ago, contain the same set of 
ten Lhc proteins. This strongly indicates that each 
protein complex has a specific function. The 



chlorophyte alga Chlamydomonas has identifiable 
CP26 and CP29 complexes in the PS II core, but its 
major LHC antenna (LHC II) is not differentiated 
into distinct Lhcbl, Lhcb2, and Lhcb3 sub-types 
(Teramoto et al., 2001). This supports the idea that 
the unique molecular configuration of higher plant 
LHC II plays an important role in the formation of 
grana stacks. 

The antenna composition of PS II and PS I is not 
only heterogenous with respect to their position in 
different thylakoid regions (Jansson et al., 1997) but 
also in the supramolecular organization of PS II (van 
Amerongen and Dekker, Chapter 7). It is now clear 
that different native PS II-LHCII supercomplexes 
consisting of the dimeric PS II core complex 
surrounded by variable numbers of trimeric and 
monomeric Lhcb proteins can exist within a particular 
granal domain (Chapter 7, van Amerongen and 
Dekker). Less is known about the supramolecular 
structure of monomeric plant PS I, but it appears that 
the Lhca protein dimers are attached to one side of 
the RC+core antenna particle (Boekema et al., 200 1 ), 
while the phosphorylated Lhcb trimers (if present) 
are associated with the other side (Fromme et al.. 
Chapter 8). 

3. Acclimation and Grana 

As will be seen in a number of chapters of this book, 
the molecular mechanisms for both light harvesting 
and energy dissipation in varying light environments 
have been achieved in part by the evolution of different 
classes of LHC antenna throughout the plant 
kingdom. The ever- varying natural light environment, 
both light quality and quantity, is a crucial factor in 
the arrangement of the photosystems and the dynamic 
reversible movement of some LHCs. As shading 
occurs through the tree and leaf canopy (Bjorkman 
and Ludlow, 1 972) or across a leaf, red and blue light 
are attenuated, and far-red light is enhanced. 
Alternatively, the aquatic light environment is severely 
attenuated as water depth increases, with far-red, 
then red, then blue being progressively depleted 
(Chapter 15, Falkowski and Chen). Hence shaded 
land environments favor excitation of PS I inter- 
spersed with direct sunflecks, while aquatic 
ecosystems effectively have no far-red light. 

There are several rapid responses to changes in 
light quality. Within minutes, both state transitions 
promoted at lower light intensities, and the 
xanthophyll cycle promoted under high light, change 
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the effective absorption cross section of PS II in 
algae (Chapter 15, Falkowski and Chen) and plants 
(Chapter 13, Krause and Jahns; Horton et al, 1996; 
Niyogi, 1999). Furthermore, both plants and algae 
have developed multiple strategies to dissipate excess 
excitation energy as heat, which may be measured as 
non-photochemical quenching (NPQ) (Chapter 13, 
Krause and Jahns). NPQ involves acidification of the 
lumen, protonation of specific components of the PS 
II antenna within seconds, and operation of the 
xanthophyll cycle within minutes. Recently there 
has been debate about which specific Lhcb proteins 
are critical for thermal dissipation (Lhcb trimers, 
CP26, CP29 or PsbS (Li et al, 2000) or perhaps 
small linking peptides in the PS II antenna, e.g. PsbZ 
(Swiatek et al., 2001). Although PsbS has been 
shown to be essential for development of NPQ in 
Arabidopsis, it appears to be unique to the streptophyte 
(plant) line. No PsbS homologs have been detected 
in more than 30,000 ESTs from Chlamydomonas 
reinhardtii (Elrad et al., 2002), in more than 10, 000 
ESTs from the red alga Porphyra purpurea (Nikaido 
et al., 2000) or in the draft genome of the diatom 
Thalassiosira pseudonana (E. V Armbrust et al., 
unpublished). 

A short-term fine-tuning mechanism to regulate 
balanced light excitation between PS II and PS I 
depends on reversible phosphorylation of some outer 
LHCII units (Allen and Forsberg, 2001). When PS II 
is over-excited relative to PS I, a LHCII kinase 
regulated by the redox state of plastoquinone 
phosphorylates LHCII, and the phospho-LHCII 
migrates to PS I (Lunde et al., 2000). When PS I is 
over-excited relative to PS II, a specific phosphatase 
dephosphorylates LHCII, which then detaches from 
PS I and returns to PS II. 

The degree of grana formation is regulated by 
light acclimation, in response to both light quality 
and quantity. The chloroplasts of shade and low-light 
plants have more and larger granal stacks, attributable 
to increased amounts of LHCII per P680, compared 
to those of sun and high-light plants (Anderson et al., 
1995). Significantly, land plants always have more 
PS II than PS I, the reverse situation to cyanobacteria 
(Fujita 1997) and most algae. Shade and low-light 
plants not only have larger antenna for both 
photosystems, but also lower PS II/PS I ratios (1.2- 
1.8) compared to sun and high-light plants (PS II/ 
PS I ratios >2.0) which have more PS IIs, each with 
smaller light-harvesting antenna, relative to PS I. 
Grana stacking aids in the conflicting demands of 



efficient use of low light by PS II and protection of 
nonfunctional PS II in appressed membrane domains 
under high light. 

To be Continued... 

This has been a brief introduction to the basic 
principles of light-harvesting and the great variety of 
light-harvesting antenna complexes employed by 
photosynthetic organisms. It is hoped the reader will 
be inspired to continue reading in the following 
chapters of this book, where a wealth of fascinating 
information can be found. 
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Summary 

The pigments of antenna systems have several functions. 1: they absorb light efficiently, 2: they transfer the 
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I. Introduction 

Photosynthetic antennas have to perform three 
functions. 1: they absorb light efficiently, 2: they 
transfer the required excitation energy with minimum 
losses to the reaction centers, 3: they degrade excess 
energy with minimum damage to the photosynthetic 
apparatus. The pigments used to fulfill these functions 
are chlorophylls, phycobilins and carotenoids. The 
first two are mainly involved in light-harvesting, the 
absorption of photons and the efficient transfer of 
excitation energy, but there is evidence that they also 
can be modified to quench it, in a yet poorly 
understood fashion. The carotenoids contribute, too, 
to light-harvesting, but they are indispensable in 
light protection for degrading potentially damaging 
excess excitation energy or reactive oxygen species 
to (mostly) harmless heat. Other cofactors may be 
involved in this process, most notably the chloro- 
quinone of green bacteria (Frigaard et al., 1998); 
these are not treated here, and the reader is referred 
to the specialized chapters. 

The antenna chromophores, which are almost 
always bound to proteins, also contribute to the 
stabilization and regulation of the photosynthetic 
complexes. This chapter will focus on the occurrence, 
structures, biosyntheses and spectroscopic properties 
of the pigments in monodisperse solution and 
aggregates, and will give a general survey on their 
properties in the native environment. The detailed 
properties of the pigments in the protein environment 
of the native complexes will be dealt with in Chapters 
5-11, and the general principles of excitation by 
light, excited state reactivity and dynamics are treated 
in chapter 3. 



Abbreviations: A - wavelength [nm]; e - molar extinction 
coefficient [M~' cm^']; APC - allophycocyanin; BChl - 
bacteriochlorophyll; By - higher-energy absorption bands of 
tetrapyrroles in Vis/UV; Chi - chlorophyll; GGPP - geranyl- 
geranyl pyrophosphate; Glc - glucose; HMB - hydroxy- 
methylbilan; IC - internal conversion; ISC - intersystem crossing; 
Lac - lactose; NIR - near infra-red spectral range (700-1 200 nm); 
NMR - nuclear magnetic resonance; Nomenclature - lUPAC 
numbering is used throughout ; P^B - phytochromobilin; PBG - 
porphobilinogen; PC - phycocyanin; PCB - phycocyanobilin; 
PE - phycoerythrin; PEB - phycoerythrobilin; PEC - phyco- 
erythrocyanin; Phy - phytochrome; PP - pyrophosphate; 
protogen - protoporphyrinogen; PVB - phycovilobilin; Qy - 
low-energy absorption bands of tetrapyrroles in Vis/NIR; RC - 
reaction center (type I and type II relate to the homologies with 
PS I and PS II, respectively); uro’gen - uroporphyrinogen; UV - 
ultra spectral range (200 - 400 nm); Vis - visible spectral range 
(400 - 700 nm) 



II. Functions: A Short Overview 

The chromophores of photosynthetic light-harvesting 
systems have several functions. These are covered in 
detail in other chapters and books (Frank et al., 1 999; 
Scheer, 1991a, 1994) and will be summarized here 
only in the context of the properties of the pigments 
detailed further in this chapter. 

A. Light Absorption 

Antennas serve to increase the absorption cross- 
section of reaction centers. Consequently, the 
chromophores have, in their native environment (see 
spectroscopy of biliproteins) very intense absorptions 
(s - 10^M"^cm~^), which in combination cover the 
entire range of the photosynthetically useful spectrum 
(330-900 and 1000-1 100 nm). The gap results from 
the absorption of water at 960 nm, where no light- 
harvesting system has evolved. Chlorophyll (Chi) a, 
b, d and the bacteriochlorophylls (BChl) cover the 
wings of this range efficiently, with strong absorptions 
in the 330^80 nm and 630-1050 nm ranges. Filling 
the remaining ‘green gap’ is of particular importance 
in aquatic environments, where green light often 
prevails and the overall intensity is reduced. The 
‘green gap’ is filled by the absorptions of the c- 
chlorophylls, the carotenoids and the biliproteins. 
Higher plants lack c-chlorophylls and biliproteins, 
and their carotenoids are quite inefficient in light- 
harvesting. Plants appear to have evolved a different 
strategy by investing more heavily in structure in the 
competition for light, on both macroscopic (growth 
towards the light) and microscopic scales (leaf 
structure, internal reflection). 

B. Energy Transfer to Reaction Centers 

From the site of excitation to the reaction center 
where the energy transduction takes place, excitation 
energy has to be transported over considerable 
distances (e.g. < 50 nm in the phycobilisome). This is 
only possible by radiationless transfer, for which 
three basic mechanisms are discussed (Chapter 3, 
Parson and Nagarajan): at long distances (theoret- 
ically up to 1 0 nm), only Forster transfer can operate, 
by which the energy hops in discrete steps from one 
pigment to the other. At shorter distances (<2 nm), 
exciton coupling can occur, by which two or more 
pigments are excited simultaneously and the 
excitation is consequently delocalized over the entire 
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‘unit’ . Both mechanisms arise from dipolar coupling 
and are strongly distance-dependent, but also depend 
on the relative orientation and spectral properties of 
the pigments. At very short (contact) distances, an 
electron exchange mechanism (Dexter mechanism) 
can operate. Electron exchange has been proposed in 
particular for energy transfer from carotenoids to 
chlorophylls, in order to compete with their very 
rapid internal conversion (Section C.3). The close 
contact between the donor (carotenoid) and acceptor 
is clearly seen in all sufficiently resolved structures 
of light-harvesting chlorophyll-caroteno-proteins 
(Kiihlbrandtetal., 1994; Freer etal., 1996; Hofmann 
et al., 1996; Koepke et al., 1996). Since electron 
exchange, like electron transfer, requires orbital 
overlap, it is expected to be critically dependent on 
very small geometric changes. Electron exchange is 
also the major mechanism of triplet transfer (see 
‘protection’). 

When discussing energy transfer efficiency, two 
figures have to be considered separately. The first is 
the quantum efficiency which describes the 
number of excitation quanta reaching the reaction 

centers (RC) relative to the number n^^^^ of quanta 
absorbed: 

*q=nRc/n,bs (1) 

The quantum efficiency O^can reach 100% with 
biliproteins and chlorophylls, it is more variable with 
the carotenoids, depending on whether their main 
functions are light-harvesting or light-protection (see 
below). The second factor is the energetic efficiency 
Og, which is defined by the energy ej^^ by the RC 

for charge separation relative to the energy of a 
photon absorbed by the light-harvesting apparatus. 

~ ^RC ^ ^abs (^) 

d>g relates to the energy gap between a light- 
quantum absorbed by the antenna and the S j excitation 
energy of the RC, or more precisely of the primary 
donor in the RC. In extreme cases can be quite 
low; examples are the absorption by a carotenoid 
(^max ~ t)y an antenna BChl in the Soret 

band 350 nm) in Blastochloris {Rhodopseudo- 
monas) viridis and transfer to the RC 1000 

nm), where -50% and -35%, respectively. These 

losses are a consequence of the differentiation of the 
photosynthetic apparatus into antennas and reaction 
centers and the evolution of only a few types of 



reaction centers, all absorbing in the low-energy 
region of the spectrum. This energy gap can, however, 
be used in part to funnel the excitation along an 
energy gradient towards the RC, with the phycobili- 
some as the prime example (Chapters 9 (Mimuro and 
Kikuchi) and 17 (Grossman et al.)). It should be 
noted that, curiously, can also be >100%. A 
classical example is digain Blastochloris viridis, where 
the antenna absorption peaks at 1025 nm, the RC at 
980 nm (O^ - 1 05%). Another example is the antenna 
of Ostreobium with Chi a populations extending 
their absorption maxima in the NIR to 740 nm, 

which feed PS I (A^^^ 700 nm), resulting in d>g - 1 06% 
(Fork and Larkum, 1989). Very recently the extreme 
case of an antenna absorbing at 963 nm has been 
reported for a BChl-a containing purple bacterium 
with an apparently conventional reaction center (A^^^^ 
870 nm), resulting in = 11 1% (Permentier et al., 
2001). The gained energy is principally of thermal 
origin. The common mechanism is the establishment 
of a Boltzmann equilibrium, and it is presently not 
clear if homogenous band broadening is involved in 
some cases (Chapter 3, Parson and Nagarajan) and 
the discussion byTrissl, 1993). 

C. Protection (of the Photosynthetic 
Apparatus) Against Light-Induced Damage 

The pigments involved most intimately in photo- 
protection are the carotenoids, which act by a variety 
of protecting mechanisms against damage by light, 
directly and indirectly, in case the system becomes 
over-excited. These protective mechanisms are 
essential to photosynthesis in a varying light environ- 
ment, but they also decrease the efficiency of 
photosynthesis and therefore have to be tightly con- 
trolled and/or set up in a way so that they only take 
action as ‘emergency valves’ (Chapters 7, 13-15) 

Most of the protective mechanisms rely on the 
very rapid internal conversion (IC) in carotenoids, 
which in turn is (mainly?) due to the high density of 
vibrational states in these rather flexible molecules 
in combination with the strongly forbidden So>S, 
excitation (see below). A second important factor is 
the very low energy of carotenoid triplets, which in 
many carotenoids is below that of chlorophylls and 
also below that of singlet oxygen (1274 nm, 7849 
cm~* or 93.9 kJ/mole). 

In the first protection mechanism, carotenoids 
simply act as filters that reduce the amount of blue 
and near-UV light reaching the photosynthetic 
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apparatus, a function they also perform in non- 
photosynthetic organisms or tissue. Examples are 
the aerobic bacteriochlorophyll-producing bacteria, 
where many carotenoids do not appear in the fraction 
of bacteriochlorophyll proteins (Takaichi, 1999; 
Shimada, 1995), and the algae, Hematococcus 
pluvialis (astaxanthin, Kobayashi et al., 1991a) and 
Dunaliella bardawil (9-cis and a.\\-tmns-P,P'- 
carotenes, Ben-Amotz et ah, 1989), where the 
majority of carotenoids are deposited in ‘oleosome’ 
type organelles. These organisms produce carotenoids 
in such amounts that they are used as a commercial 
sources for natural astaxanthin and j3,/3-carotene, 
respectively (Ben-Amotz et al., 1989; Kobayashi et 
al., 1991a). 

Secondly, carotenoids can act as quenchers of 
chlorophyll excited singlet states (excited states are 
marked by asterisks in the following): 

^Chl* + ^Car -> ^Chl + ^Car*, (3) 

provided that the lowest energy of their singlet excited 
state is below that of the chlorophyll (see below). 
Since this energy can be tuned by the addition or 
removal of double bonds, the function of carotenoids 
can be switched between those of energy donors 
(= antenna pigment) and acceptors (= ‘lightning 
rods’). The switching between light-harvesting and 
energy dissipation has been studied in considerable 
detail in the violaxanthin/zeaxanthin cycle of plants, 
where in particular the minor LHCII complexes have 
been implicated (Crimi et al., 2000; Chapters 3, 7, 
13-15). The light-harvesting pigment violaxanthin, 
containing seven conjugated double bonds, is 
reversibly doubly de-epoxidized to zeaxanthin, 
containing nine conjugated double bonds (see Fig. 
7B for structures), leading to an extension of the 
conjugation chain by two double bonds (A5 and A5 '). 
Similar epoxidation-deepoxidation cycles, acting as 
a line of defense against light-induced damage, have 
been identified in algae, where they involve e.g. 
diadinoxanthin and diatoxanthin (Fig. 7B). The 
irreversible oxidation of j3,j3-carotene to zeaxanthin 
in the PS II-RC has recently been discussed as a 
potential signal for light-stress (Jahns et al., 200). 

The non-photo chemical quenching mechanism of 
carotenoids is not understood at present. The most 
straightforward rationalization is that Sj of viola- 
xanthin is above that of (neighboring) Chi a 
molecules, that of zeaxanthin below; the former 



would then be a singlet energy donor, the latter an 
acceptor (and therefore quencher). One crucial 
problem is the determination of the singlet state 
energies of zeaxanthin and violaxanthin in situ, with 
recent data indicating that these are similar and 
below the energy of Chi a (Frank et al. 2000b). A 
thermally activated mechanism (see above and 
Chapters 3, 7, 13-15) could be operative, but it is 
possible that the carotenoids play yet another role. 
As a result of their generally very short-lived excited 
states, energy transfer from and to carotenoids is 
efficient only at very short distances between donor 
and acceptor (Chapter 3, Parson). Small structural 
changes can therefore result in large variations of 
energy- transfer efficiency, in particular for the Dexter 
mechanism. 

Thirdly, due their unusually low-lying triplet states, 
carotenoids can act as energy acceptors (quenchers) 
of chlorophyll triplets, even if their singlet states are 
above those of the chlorophylls. This reaction 
proceeds by the spin-allowed reaction: 

'Chi* + ^Car ^Chl + 'Car* (4) 

Again, a close contact is required, because this 
transfer probably occurs by the electron exchange 
mechanism. While the formation of chlorophyll 
triplets by intersystem crossing is generally a slow 
process (//s), it can be several orders of magnitude 
faster in photosynthetic organisms, as shown in detail 
in RCs of purple bacteria. Here, triplets of the primary 
donor ''P870 are produced by radical-pair recom- 
bination when the quinone(s) are over-reduced (Hoff, 
1993; Volk et al., 1995). Only this triplet state of the 
primary donor, not the singlet state, is quenched by 
the nearby carotenoids via an energy transfer chain 
involving an ‘accessory’ chlorophyll (BChl B^ in 
bacterial RC) as an intermediate (Frank et al., 1996; 
Angerhofer et al., 1 998). It should be noted , however, 
that the mechanism has been studied in detail in only 
few cases, and that e.g. the RC of Bl. viridis contains 
a carotenoid ( 1 ,2-dihydroneurosporene) whose triplet 
energy is above that of the primary donor, a pair of 
BChl b molecules. This may be a reason for the low 
oxygen tolerance of this species (LauBermair and 
Oesterhelt, 1992). Triplets can also be produced in 
antenna complexes, where the mechanism is unclear 
but may also involve radical recombination reactions 
(Law and Cogdell, 1998) 

Last but not least, carotenoids are quenchers of 
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reactive oxygen species (^62, OH~) in case the 
aforementioned first defense lines become saturated 
or inefficient. Since the reaction 

'O2 + ^Car -> 3O2 + 'Car (5) 

is spin-allowed, carotenoids with sufficiently low- 
lying triplet states can rapidly quench singlet oxygen. 
Their triplets are so low in energy that damaging 
effects can probably be neglected. They are also 
localized and comparably short-lived as a result of 
their conformational flexibility, charge transfer states 
and/or phytoisomerization. The abundant /3,jS- 
carotene and violaxanthin are, in solution, excellent 
quenchers of singlet oxygen (Edge and Truscott, 
1999). The major quenching is believed to be 
photophysical with a recovery of the carotenoid via 
ISC-relaxation of 'Car to ^Car^. However, a non- 
productive photochemical quenching with a 
concomitant oxygenation of the carotenoid should 
also be considered (Young, 1993a). A multitude of 
oxygenated carotenoids is produced if aerobic 
solutions of chlorophylls and j8,/3 '-carotene are 
irradiated, and there is evidence that at least some of 
them are strong oxidants (Tregub et al., 1996; Edge 
and Truscott, 1999; Fiedor etal., 1999). Oxygenated 
carotenoids have also been identified in plant 
caroteno-chlorophyll proteins such as LHCII upon 
irradiation, but their importance and quantitation in 
vivo are unclear (R. Jennings, personal communi- 
cation). Since epoxides are among the primary 
oxidation products of carotenoids, it can be speculated 
that the violaxanthin-zeaxanthin cycle is an adaptive 
utilization of such oxidations arising with the 
increasing amounts of oxygen during evolution. 

Relatively little is known about the molecular 
mechanisms of quenching of other reactive oxygen 
species (O2, OH“, peroxides). The formation of 
carotenoid peroxides (Young, 1993a) and of radical 
pairs by electron transfer (Frank et al., 1999) are 
among these processes. In non-photosynthetic organ- 
isms, the concept of terminating lipid peroxidation 
by the more expendable carotenoid molecules 
(Burton, 1990) has been advanced, but this may also 
apply to photosynthetic organisms. 

Compared to the carotenoids, much less is known 
about the protective role, if any, of chlorophylls and 
biliproteins. It should be noted that the phycobili- 
somes conspicuously lack carotenoids, which 
distinguishes them from all other antennas. Biliprotein 



triplets have been implicated in the generation of 
reactive oxygen species by biliproteins (He et al., 

1 996) , but to the best of this author’s knowledge they 
have never been positively identified, and several 
checks by ODMR have failed (A. Angerhofer and H. 
Scheer, unpublished). Chi cation radicals, which can 
be generated in antennas under saturating conditions, 
are good quenchers of Chi excited states (Law and 
Cogdell, 1998). 

D. Structure Stabilization 

As products of a co-evolution, all chromophores are 
integral components of the light-harvesting systems. 
As such, they are also integral to the systems’ 
stabilities. This role is most obvious for the 
chlorophylls, which as free pigments show a 
remarkable potential for self-organization in both 
hydrophobic (Katz et al., 1978; van Rossum et al., 

1 998) and hydrophilic-aqueous media (Gottstein and 
Scheer, 1983; Katz et al., 1991; Scherz et al., 1991; 
Agostiano et al., 2000). Before the identification of 
chlorophyll proteins, speculations on the organization 
of light-harvesting complexes had focused on the 
self-aggregation of chlorophylls as a driving force. 
This model has been revived in two directions more 
recently. Firstly, X-ray structures have shown that 
chlorophylls are often so close to each other that 
considerable chlorophyll-chlorophyll interactions can 
be expected (Tronrud and Matthews, 1993; Kiihl- 
brandt et al., 1994; Freer et al., 1996; Koepke et al., 
1 996; Klukas et al. , 1 999), with the pigments arranged 
in geometries that are very similar to those found in 
chlorophyll aggregates in mixed organic-aqueous 
media (Scherz et al. , 1 99 1 ). Strong interactions among 
the chlorophylls have been substantiated in particular 
in bacterial antennas (van Rossum et al., 1998; 
Leupold et al., 1999; Fiedor et al., 2000). Assembly 
problems are frequently observed if amino acids that 
bind to the central Mg are modified (Olsen et al., 

1997) . Together with the lack of formation of 
apoprotein complexes in the absence of chlorophylls 
(Kim et al., 1994), this points to a considerable 
contribution of chlorophylls to the formation and 
stability of the light-harvesting pigment-protein 
complexes. The thermodynamics of the influence of 
the central metal in the association of bacterial LHl 
has been studied by Lapouge et al. (2000). Secondly, 
the presence of only very small amounts of protein in 
the chlorosomes of green bacteria (Chapter 6, 
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Blankenship and Matsuura) has revived the ideas of 
chlorophyll-only aggregates (Hirota et ah, 1992; van 
Rossum et al., 1998; but see Niedermeier et al., 
1992). 

The contributions of carotenoids to the stability of 
complexes have been studied in some detail. 
Photosynthetic organisms treated with herbicides 
inhibiting carotenoid biosynthesis (Bramley, 1993), 
or mutations leading to the loss of carotenoids, do 
not form certain light-harvesting complexes, 
including the Chi Z?-containing complexes of green 
plants (Chapter 7, van Amerongen and Dekker), or 
these complexes are less stable. They often lack 
other components such as BChl a-B800 in the B800- 
850 complex of purple bacteria, or their assembly is 
modified (Lang and Hunter, 1 994; Loach and Parkes- 
Loach, 1995) or inhibited (Paulsen, 1999) (Chapter 
5, Cogdell et al.). For a more detailed discussion of 
the structural role of carotenoids, the reader is referred 
to a recent book in the same series (Frank et al., 
1999). 

Much less is known about the structural role of 
bilin chromophores. Since they are present in an 
energetically unfavorable configuration, it has been 
suggested that part of the folding energy of the 
protein is consumed for the ‘stretching’ of the 
chromophore (Scheer, 1982). Inhibition of the PCB- 
a-cys84 lyase in cyanobacteria leads to the expression 
of phycocyanin lacking this — and only this — 
chromophore, albeit at reduced levels. On the other 
hand, the aggregation of apo-biliproteins is con- 
siderably weaker than that of the holoproteins, which 
points to a contribution of the chromophores in 
increasing protein-protein interactions. It should be 
noted that, in particular, the a-84 chromophores of 
cyanobacterial and rhodophytan biliproteins are 
located at the boundary between monomers (aP) in 
the native trimeric {ap)^ building blocs of the 
phycobilisome, and participate in the intermonomer 
interactions (Schirmer et al., 1987; Duerring et al., 
1990; Ficner and Huber, 1993; Brejc et al, 1995; 
Reuter et al., 1999). Inactivation of phycobilin-cys- 
a84 lyases and/or other mutations inhibiting the 
attachment of the a-84 chromophore result generally 
in decreased levels of the corresponding biliprotein 
(Beguin et al., 1985; Swanson et al., 1992; Jung et 
al., 1995; Kahn et al., 1997), but it is currently not 
clear if this results from protein destabilization, 
feedback inhibition, or both. 



III. The Pigments 

A. Chlorophylls 

1. Structures and Distribution 

Chlorophylls are cyclic tetrapyrroles carrying a 
characteristic isocyclic five-membered ring, which 
is biosynthetically derived from the C-13 propionic 
acid side-chain of the common precursor, proto- 
porphyrin IX (see lUPAC-IUB Joint commission 
biochemical nomenclature (1979, 1988) for nomen- 
clature). They generally contain a central magnesium 
ion (Mg^^), but one group of purple bacteria contains 
bacteriochlorophylls (BChl) in which Mg^ is replaced 
by Zrf^. Reaction centers of type II also contain the 
metal-free pheophytins, which participate in charge 
separation. Chemically, the chlorophylls can be 
characterized by the degree of unsaturation of the 
macrocycle: 1.) the fully unsaturated porphyrin 
system is present in the c-type chlorophylls of 
chromophyte algae and some prokaryotes (Fig. Ic), 

2. ) the 17,18-dyhydroporphyrin (chlorin) system is 
present in the Chls a, b and d of oxygenic organisms 
(Fig. la), and also in the BChls c, d and e of green 
anoxygenic bacteria (Fig. lb), and 3.) the 7,8,17,18- 
tetrahydroporphyrin (=bacteriochlorin) system is 
present in the bacteriochlorophylls a, b and g of 
anoxygenic bacteria (Fig. Id). The three chlorophyll 
types have distinct spectroscopic properties: The c- 
type chlorophylls absorb moderately in the 620 nm 
region and strongly in the 400-450 nm region, the 
chlorin-type chlorophylls are characterized by two 
intense absorptions at the edges of the visible spectral 
region (Vis) at 400-470 and 640-700 nm, and the 
bacteriochlorin-type chlorophylls absorb only weakly 
in the Vis, but have two intense absorptions outside, 
in the near ultraviolet (UV) and the near infrared 
(NIR). 

a. ‘Green’ Chiorophylis: Chls a, b, d 

The most abundant chlorophyll is chlorophyll a (Chi 
a, Fig. la), which is present in the reaction centers of 
all and the light-harvesting systems of almost all 
oxygenic organisms, as well as in the RC of some 
anoxygenic bacteria (Kobayashi et al., 2000) (Tables 
1, 2). Its absorption is intense (e~ 10^ M~'cm^^), but 
restricted to two narrow bands at the edges of the 
visible spectrum (-430 and -680 nm); it is therefore 
almost always accompanied by other pigments. These 
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are mainly chlorophylls, too, in the prochlorophytes, 
in the modern ‘green line’ of photosynthetic 
organisms (green algae, higher plants), and in the 
chromophytes. The prochlorophytes contain generally 
chlorophyll b (Chi b, Fig. la). With absorption bands 
at 460 and 650 nm, Chi b reduces the ‘green gap,’ the 
absorption gap in the spectral region from 500 to 600 
nm. Another, relatively rare chlorophyll of the chlorin- 
type is Chi d, which has distinctly red-shifted 
absorptions compared to Chi a. While frequently 
found in small amounts in red algae (Allen, 1966), 
Chi d has been identified as the major pigment in a 
Chi c-containing prochlorophyte, Acaryochloris 
marina (Miyashita et al., 1997). 

b. Chlorophylls of the Porphyrin Type: The 
Chlorophylls c 

The chromophytes and some procaryotes contain 
members of the chlorophyll c family (Stauber and 
Jeffrey, 1988; Jeffrey et al., 1997; Miyashita et al., 
1997). They absorb in the ‘green gap,’ the spectral 
region where Chi a and b absorb only weakly. 
However, their maximum absorption in the visible 
spectral range is several times less than that of Chi a 
or b (Table 2), so more chromophores are needed to 
achieve the same rate of excitation. All c-type 
chlorophylls are porphyrins, and most of them contain 
an acrylic side chain at C-17 (Fig. Ic). An important 
structural feature of most (but not all, see Fig. lb) 
c-type chlorophylls is the free acrylic or propionic 
acid side-chain at C-17; they are not esterified like 
the other Chls and therefore are much more polar 
compounds. 

The diversity of known c-type chlorophylls has 
recently increased considerably, and several new c- 
type chlorophylls have been identified over the past 
decade. [8-vinyl]-protochlorophyllide a (3,8-divinyl- 
pheoporphyrin a-Mg-monomethylester), which in 
green plants is a precursor to Chls a and b, has been 
shown a true antenna pigment in symbiotic 
prokaryotes (Helfrich et al., 1999). Furthermore, 
while the ‘classical’ c-type chlorophylls carry a free 
C- 1 7 acrylic acid side chain, less polar pigments of 
this type have been known for more than ten years 
(Stauber and Jeffrey, 1988). For several of these new 
pigments, neither the structures nor the functional 
roles are presently established. Based on improved 
chromatographic systems, Zapata et al. have begun 
to Identify several of them (Jeffrey et al., 1999; 
Zapata et al., 2000). The fascinating structure shown 



in Fig. Ic has recently been suggested for one of 
them, in which Chi c is covalently linked to a 
galactolipid (Garrido et al., 2000). In view of the 
variety of (particulary marine) photosynthetic 
organisms, more surprises can be anticipated (Jeffrey 
et al., 1997; Jeffrey and Anderson, 2000). In this 
context, the presence of (non-covalently bound) lipid 
molecules in the vicinity of chlorophyll should also 
be mentioned; these have been found in the water- 
soluble PCP complex from Amphidinium carterae 
(Hofmann et al., 1996) and in the PS I core complex 
(Jordan et al., 2001). 

c. Bacterial Chlorophylls: Bacteriochlorin-Type 
Pigments 

All pigments of anoxygenic photosynthetic bacteria 
are denoted as bacteriochlorophylls. Many of them 
are true bacteriochlorins (=7,8, 17,1 8-tetrahydro- 
porphyrins), characterized by a partly saturated ring B 
in addition to ring D. The major spectral consequence 
is a considerable red-shift of the Qy-absorption band 
to 750-800 nm in solution, and even more to 800- 
1 020 nm in situ, and a blue-shifted Soret-band (<400 
nm). Thereby, the absorptions are extended in both 
regions beyond those of all other chlorophylls. The 
most widely distributed bacteriochlorophyll, 
bacteriochlorophyll a (BChl a. Fig. Id), is present in 
RCs and the core-antennas of most anoxygenic 
bacteria, as well as in the peripheral antennas of the 
purple bacteria (Scheer, 1991b). In some bacteria, it 
is replaced by the structurally related BChl b, which 
carries an ethylidene substituent at C-8 (instead of 
the ethyl group of BChl a) (Scheer et al., 1974; 
Steiner et al., 1 98 1 ). The major pigment of the stricly 
anaerobic Gram-positive heliobacteria is BChl gp 
(Fig 1 d, the subscript refers to the esterifying alcohol, 
farnesol, see below), which is involved in light- 
harvesting as well as in electron transport in the 
functionally integrated type I-RC complex (Michalski 
et al., 1987). 

The BChls a, b and g show distinct variations in 
their C-17^-esterifying alcohols. In certain purple 
bacteria, pigments with more highly unsaturated 
terpenoid alcohols can replace the BChl a^ (Katz et 
al., 1972) or BChl b^ (Steiner et al., 1981) (the 
subscript ‘p’ denotes phytol as esterifying alcohol). 
These modified pigments are often functional, but 
the role of the modified alcohols remains unclear. 
They have no influence on the absorption in 
monodisperse solution, but do affect aggregation of 
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Fig. 1. Structures of chlorophylls (Chi) and bacteriochlorophylls (BChl). A: Plant chlorophylls (chlorins) with a single bond between C- 
17 and C-18. Only phytol is shown, the most abundant esterifying alcohol at the C-17 propionic acid side-chain. Note that Phe a lacks 
the central Mg. Numbering according to lUPAC-IUB Joint commission biochemical nomenclature, 1979, 1988). B; Bacterial 
chlorophylls of the chlorin type, with a single bond between C-17 and C-18: Bacteriochlorophylls c, d, e. (The putative BChl /is not 
shown.) These pigments, which occur in chlorosomes, are also referred to as Chlorobium chlorophylls in the older literature. 
Abbreviations: 18:0 = stearyl, et = ethyl, ib = isobutyl, np = neopentyl, pr = propyl. C-3 * (marked by an asterisk) can occur in two epimeric 
configurations; the 3^R-to-3^S epimer ratio varies with the size of the C-8 substituent. (Continued on next page.) 



the pigments (Scheer et ah, 1985). In the LH2 
structure of Rhodopseudomonas acidophila, the 
‘phytyl-tails’ show remarkable interactions among 
each other and with the carotenoids (Freer et ah, 
1 996). It should also be noted that in Rhodospirillum 
rubrum, the bacteriochlorophylls of the RC are 
esterified with phytol, and those in the antennas with 
geranylgeraniol (Walter et al., 1979). 

d. Bacterial Chlorophylls of the Chlorin Type 

The variations among the structures are much larger 
and characteristic of the second group of bacterio- 
chlorophylls, the BChls c, /, e and/(Fig. lb). These 
BChls are abundant in green bacteria, where they are 
the main constituents of the peripheral antenna, the 
extra-membraneous chlorosomes (Chapter 6, 
Blankenship and Matsuura). Chemically, and in spite 



of their names, the BChls c, d and e are not 
bacteriochlorins but rather chlorins. In addition, they 
show a number of unusual features and, based on a 
remarkable structural diversity, an exceptional number 
of structures whose significance is hardly understood 
at present (Blankenship et al., 1995b, Oelze and 
Golecki, 1995). Unifying features of these pigments 
are the lack of the 13^-COOCH3 substituent of the 
isocyclic ring, and the presence of a CHOH-CH3 
substituent at C-3. The c-and e-type BChls are 
characterized by a 2O-CH3 substituent and, the e~ (as 
well as putative f-) type BChls also carry a 7-CHO 
substituent, as does Chi b. They show large variations 
in the esterifying alcohols (Caple et al., 1978), they 
can be singly (C-12) and even multiply methylated 
(C-8^C-12, C-20), and they can be epimers at C-3* 
(Fig. Ic) (Smith and Simpson, 1986; Tamiaki et al., 
1994). Not all theoretically possible combinations of 
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Fig. 1. (Continued from previous page) C: Chlorophylls of the porphyrin-type. Note the distinction between chlorophylls (Chi, esterified 
at C-17^, R 3 = esterifying alcohol) and chlorophyllides (Chlide, free C-17^ acid group, R 3 = H), which is often blurred in the literature. 
Left: chlorophyll c-group and protochlorophyllides (no double bond between C-17^ and C-17^); right: a novel hydrophobic chlorophyll 
c from Emiliana huxleyi. Remarks: 1) Stereochemistry at C-13^ unknown, 2) No double-bond in the C-17 side-chain, 3) This pigment is 
also referred to as ‘divinyl-PChlide a\ 4) Mixture accordikng to Garrido et al., 2000. D: Bacterial chlorophylls of the bacteriochlorin- 
type, with single bonds between C-7/C-8 and C-17/C-18: bacteriochlorophylls a, b andg. 



these features have been found, but the BChls c, d 
and e still provide more than 50% of the currently 
known chlorophyll structures, in spite of the limited 
contribution of green bacteria to total photosynthesis. 
The role of these variations in the build-up and 
function of the chlorosome core, which appears to be 
largely devoid of proteins, is currently a major 
challenge in chlorophyll research. 



e. Transmetalated Chlorophylls 

Several closely related strains of photosynthetic 
bacteria (Acidiphilium rubrum) isolated from acidic 
mine ponds contain, besides the common Mg- 
complex large amounts (up to 90%) of [Zn]-BChl 
(Wakao et al., 1996; Kobayashi et al, 1999). As 
evidenced by the analysis of isolated antennas and 
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Table 1. Occurrence of photosynthetic light-harvesting pigments (mass pigments bold X, minor pigments in brackets), 
a: Tetrapyrrole pigments 



Pigment 



Chlorophylls 

Chlorophyll a 
[8-Vinyl]-Chlorophyll a 
Chlorophyll b 
[8-Vinyl]-Chlorophyll b 
Chlorophyll Ci 
Chlorophyll C2 
Chlorophyll C3 
Esterified Chlorophyll c 
Mg-[8-Vinyl]-Protochlorophyllid a 
Chlorophyll d 
Bacteriochlorophyll a 
Bacteriochlorophyll b 
Bacteriochlorophyll c 
Bacteriochlorophyll d 
Bacteriochlorophyll e 
Bacteriochlorophyll f 
Bacteriochlorophyll g 
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Phycobilins 

Allophycocyanin 
Phycocyanins (Phycobilisomes) 

Phycoerythrins (Phycobilisomes) 

Cryptophyte-Phycocyanin (no Phycobilisome) 

Cryptophyte-Phycoerythrin (no Phycobilisome) 

a) See chapter 1 (Green and Anderson) for taxonomy of algae, in particular of the Heterokonts (Chrysophyceae, Raphidophyceae, 
Pheophyceae, Xanthophyceae, Eustigmatophyceae, Haptophyta). b) Cyanophyta I have the classical pigmentation (Chi a plus 
phycobilins). Cyanophyta II contain Chi b in addition to Chi a, and few or no phycobilins. c) Green-bacterial symbionts, d) Plus other 
chlorophyll c-type pigments, e) Identified only in few species, but here the major pigment. Acaryochloris marina (cyanophyta) contains 
mainly Chi d, traces of Chi a, and also Chi c and biliproteins (Marquardt et al., 1997. f) Only a C-type phycoerythrin has been found, not 
PC or APC, and no phycobilisomes. g) Endosymbiontic cryptophytes. h) Pigmentation depends on endosymbiontic photosynthetic 
organisms. Besides dinophytes, cryptophytes, green algae or various heterokonts are known. The pigments can be useful as phylogenetic 
markers. 



X X 

X X 

X X^ X 

X x^ 
X x^ 



reaction centers, this pigment is functional and 
partially replaces BChl a in all pigment proteins, and 
at all sites including the primary donor, P870 
(Akiyami et ah, 1998). Chlorophylls and precursors 
containing Zn as central metal, chemical and 
photophysical properties similar to those of the 
respective Mg-complexes (Hartwich et ah, 1998; 
Noy et al, 1998b, Kobayashi et al., 1999). Most 
enzymes accept both as substrates (see e.g. Schoch et 
al., 1995), and the Zn~pigments can replace the 



chlorophylls in all sites accessible to exchange or 
reconstitution (see below). A notable chemical 
difference is the increased stability of the Zm 
chlorophylls towards acid: the acidity of the mine- 
ponds is therefore the likely evolutionary pressure 
responsible for a change of the central metal. The Zn- 
contents of the ponds are not unusually high, and Zn 
is incorporated under growth in media containing 
only traces of this metal. It is currently not clear 
whether the Zn is introduced by a specialized 
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Table 1. (Continued) Occurrence of photosynthetic light-harvesting pigments (mass pigments bold X, minor pigments in brackets), 
b: Carotenoids 



Pigment (end groups, see Fig. 7a) 
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a) See chapter 1 (Green and Anderson) for taxonomy of algae, in particular of the Heterokonts (Chrysophyceae, Raphidophyceae, 
Pheophyceae, Xanthophyceae, Eustigmatophyceae, Haptophyta). b) Cyanophyta I have the classical pigmentation (Chi a plus 
phycobilins). Cyanophyta II have phycobilins and other chlorophylls in place of, or in addition to Chi a. c) Only aerobic ‘purple’ bacteria, 
d) Unicellular species, e) Endosymbiontic species, f) Plus Hydroxyderivative, partly glucosylated, partly additionally acylated with fatty 
acid, g) Fresh water species, h) Marine species, i) Not in chloroplast. j) Scattered, k) Pigmentation depends on endosymbiontic 
photosynthetic organisms. Besides dinophytes, cryptophytes, green algae or various heterokonts are known. The pigments can be useful 
as phylogenetic markers. 



chelatase, or by replacing an originally inserted Mg 
at a later biosynthetic stage. These organisms must 
either maintain a large intracellular store of Zn^^ that 
leads to incorporation by mass action, or have 
chetalases with modified specificities. There were 



earlier reports on Zn-Proto IX in another acidophilic 
organism, the rhodophyte Cyanidium caldarium 
(Galdieria sulphuraria) , which at that time was 
discussed as a precursor of biliproteins (Csatorday et 
al., 1981). It is now clear that biliproteins are formed 
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Table 1. b: Carotenoids. (Continued) Occurrence of photosynthetic light-harvesting pigments (mass pigments bold X, minor pigments 
in brackets). 



Pigment (end groups, see Fig. 7a) 
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a) See chapter 1 (Green and Anderson) for taxonomy of algae, in particular of the Heterokonts (Chrysophyceae, Raphidophyceae, 
Pheophyceae, Xanthophyceae, Eustigmatophyceae, Haptophyta). b) Cyanophyta I have the classical pigmentation (Chi a plus 
phycobilins). Cyanophyta II have phycobilins and other chlorophylls in place of, or in addition to Chi a. c) Only aerobic ‘purple’ bacteria, 
d) Unicellular species, e) Endosymbiontic species, f) Plus Hydroxyderivative, partly glucosylated, partly additionally acylated with fatty 
acid, g) Fresh water species, h) Marine species, i) Not in chloroplast. j) Scattered, k) Pigmentation depends on endosymbiontic 
photosynthetic organisms. Besides dinophytes, cryptophytes, green algae or various heterokonts are known. The pigments can be useful 
as phylogenetic markers. 



via Fe-protoporphyrin, and to the author’s knowledge 
the function of the Zn-porphyrin has never been 
established. 

Transmetaled chlorophylls, with Hg, Cd, Ni, Cu, 
La, or Pb replacing Mg, have been isolated from 
lichens, microalgae and more recently from water 
plants grown on media enriched in the respective 



metals (Kiipper et ah, 1996, 1998, 2000; Tao et al, 
2001). In these organisms, photosynthesis is strongly 
impaired (Caspi et al., 1999). If judged from 
experiments with isolated light-harvesting complexes, 
the aforementioned metals (which bind much more 
strongly than Mg to the tetrapyrrole) can replace Mg 
spontaneously at concentrations likely to exist within 
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the cells. It is interesting in this context that 
prospecting for Cu has been attempted via Chi 
fluorescence (Lanaras et ah, 1993). 

The rapid internal conversion of metals with 
unfilled J-shells explains the impaired photosynthetic 
capacity of plants that are stressed with heavy metals 
(Kiipper et al., 1998). [Ni]-BChl a shows internal 
conversion (IC) on a time-scale <100fs; if it is 
incorporated in bacterial LHl complexes, it can 
compete efficiently with energy transfer at time- 
scales down to 50 fs (Musewald et al, 1998, 1999; 
Noy et al., 1998a). It acts as a ‘black hole’: any 
exciton that passes by is degraded to heat. In vitro, 
this can be used to study unit-sizes and exciton 
delocalization (Fiedor et al., 2000, 2001, see below). 

f. ‘Minor’ Chlorophylls 

The number of recognized chlorophylls is constantly 
increasing. Structural variants are found in most 
photosynthetic organisms, often only in small 
amounts, and their functions are not always known. 
Some such pigments have been established as 
biosynthetic precursors or products of (bio)de- 
gradation, including Chi a esterified with terpenoid 
esters other than phytol (phytadi-, -tri-, or tetraene 
alcohols (Schoch et al., 1978; Shioi, 1991; but see 
also below), and pigments bearing a C-8 vinyl instead 
ofan ethyl substituent (RebeizetaL, 1994). However, 
many of these minor (and sometimes not so minor) 
chlorophylls are functional in photosynthesis. They 
are often localized in the reaction centers. An example 
is the metal-free pheophytin a (Phe) found in the 
PS II-RC. Its redox-potential being -200 mV more 
positive than that of Chi a, Phe serves as an early 
electron acceptor from P680 and transfers an electron 
on to the quinone, (Evans and Nugent, 1993). In 
bacterial RCs of type II, e.g. those of purple bacteria, 
Phe is structurally and functionally replaced by 
BPhe a, which has been shown to be very rapidly 
(-Ips) reduced by the primary acceptor, BChl-B^ 
(Schmidt et al, 1995), and to donate its electron 
subsequently to (reviewed by Dimagno and Norris, 
1993). 

The minor chlorophylls of type I-RCs are the 
13^(S)-epimers of the respective major chlorophylls, 
the so-called prime-chlorophylls. Photosystem I of 
most oxygenic organisms contains Chi a' (Kobayashi 
et al, 1988), the 132(S)-epimer of Chi a, the Chi d- 
containing Acaryochloris marina contains Chi d' 
instead (Kobayashi et al, 1999), and heliobacteria 



contain BChl g (Kobayashi et al, 1991b). At least 
for Chi a', its location as one of the pigments of the 
special pair has recently been verified by the X-ray 
structure of a cyanobacterial PS I (Klukas et al, 
1999; Jordan et al, 2001). By contrast, RCs from 
green bacteria, which are also likely to be of the 
type I, do not contain a prime-chlorophyll but rather 
Chi a^2,6’ the ‘normal’ Chi a macrocycle esterified 
with A 2,6-phytadienol (Kobayashi, 1 996; Kobayashi 
et al . , 200 1 ) . Chi a bearing an hydroxyethyl substituent 
at C-8 and esterified with farnesol (8^-hydroxy-Chl 
(2p) has been identified in Heliobacterium chlorum, 
where it is believed to function as primary acceptor 
Aq (Van de Meent et al, 1991). Finally, the Chla- 
A13^13^-enol shows some of the spectral features of 
P700 in PS I-RCs (Wasielewski et al, 1981). A 
recent 3. 8 A X-ray structure is still inconclusive in 
this respect because the second Chi of P700 is strongly 
distorted. 

Antenna complexes also can contain modified 
pigments. Probably the most striking example is the 
presence of [8-vinyl]-Chls a and b as the most 
abundant pigments in Prochlorococcus species living 
in considerable depth (- 1 00m) (Goericke and Repeta, 
1992). Since they absorb only slightly differently 
from the corresponding Chls a and b bearing an 8- 
ethyl-group instead, the functional significance of 
this substituent change is currently unclear. 

2. Biosynthesis 

The biosynthesis of tetrapyrroles begins with the 
dedicated aminoacid 5-aminolevulinate (ALA), 
which can be formed by two different pathways (Fig. 
2a). In the C4+1 or Shemin-pathway, it is formed by 
condensation of glycine with succinyl-CoA with 
ALA synthase. This reaction was elucidated half a 
century ago, by D. Shemin’s group in a remarkable 
‘Selbstversuch’ involving one of the first uses of 
radioactive tracers (Wittenberg and Shemin, 1950). 
After a long, unsuccessful search for ALA synthease 
in plants, Beale et al, 1975 demonstrated the direct 
conversion of the glutamate C5-skeleton to that of 
ALA. The more roundabout sequence of this C5- 
pathway involves, remarkably, activation of Glu by 
t-RNA^^'^'in a non-proteinogenic synthesis (Kannan- 
garaetal, 1994). 

The distribution of the C4+1 and C5 pathways in 
higher plants and various classes of algae and 
photosynthetic bacteria has been discussed in 
considerable detail (Avissar et al. 1989; Avissar and 
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Moberg, 1995). The C 5 pathway, which is probably 
the more ubiquitous, operates in green algae (Oh- 
hama et al, 1982, 1985a) and green plants, and 
several anoxygenic photosynthetic bacteria including 
Chromatium and Prosthecochloris (Oh-hama et al., 
1986a,b), while animals and purple bacteria such as 
Rhodobacter spheroides use the C 4+1 pathway (Oh- 
hama et al., 1985b). 

Following ALA synthesis, two molecules of ALA 
condense to the pyrrole, porphobilinogen (PBG) 
(see Fig. 2a). The ensuing tetramerization of PBG to 
uroporphyrinogen (uro’gen) III has received 
considerable attention for more than 30 years 
(reviewed by Battersby and Leeper (1990), Jordan 
(1991,1 994), Leeper ( 1 994) and Beale ( 1 999)). The 
action of the two enzymes involved, PBG-deaminase 
and uro’gen III cosynthase, was clarified by a 
combination of NMR, synthesis of specifically 
labelled intermediates, model studies, and the 
preparation of enzyme-bound intermediate com- 
plexes of the PBG-deaminase. The latter catalyses 
the formation of a linear hexapyrrole. A dipyrrole 
binds to the enzyme, while the tetrapyrrole product, 
hydroxymethylbilane I (HMB), is released. HMB is 
very reactive and would cyclize non-enzymically to 
form uro’gen I in the absence of uro’gen III 
cosynthase. The cosynthase catalyses the cyclization 
of HMB, with a regular distribution of acetate and 
propionate side chains, to uro’gen III, an asymmetric 
series III tetrapyrrole, via a remarkable flip of ring D 
most likely involving a spiro-intermediate (Leeper, 
1994). 

Uro’gen III is a branching point: the Co and Ni 
branches lead to several rare, but biologically very 
important tetrapyrroles (F430, vitamin Bj 2 and the 
Fe-containing siroheme); the other branch leads to 
the more abundant and ubiquitous Fe- and Mg- 
tetrapyrroles as well as to the bilins. In the latter 
pathways, urogen III is first decarboxylated six times 
to yield the still colorless (and photodynamically 
safe) protophyrinogen IX (protogen). Only at this 
point, after the proper modifications of the side 
chains, is the tetrapyrrole macrocycle oxidized to 
form the aromatic ;r-system of protoporphyrin IX. 
The first half of this reaction is tightly controlled to 
ensure that the highly phototoxic porphyrins are 
formed only in manageable quantities and in the 
correct cell compartments (Beale, 1999). Since all 
porphyrinogens preceding protogen IX can oxidize 
spontaneously to porphyrins that are not metabolized 
further, they are kept at low concentrations by 



feedback-inhibition of ALA synthesis by the late 
products, heme and protochlorophyllide (Pchlide). 

Protoporphyrin IX is the second branching point 
in chlorophyll biosynthesis. The Fe-branch leads to 
hemes and bilins (Fig. 2a), and the Mg-branch to the 
chlorophylls (Fig. 2b). Both start with the insertion 
of the central metal into the macrocycle. In the case 
of Fe, the enzyme, ferrochelatase, is a single protein 
that requires neither energy nor specific cofactors 
besides Fe^^. The insertion of Mg is considerably 
more complex, which parallels the difficulties in 
inserting this metal chemically and the thermo- 
dynamic instability of Mg-porphyrins in aqueous 
environments. Three gene-products cooperate in the 
Mg-insertion, which also requires ATP. The individual 
functions have been suggested from experiments 
with overexpressed proteins from purple bacteria 
(Jensen et al., 1998). The resulting Mg-proto- 
porphyrin or its monomethyl-ester have been 
implicated in the feedback regulation of chlorophyll 
biosynthesis and nucleus-plastid communication 
(Kropat et al., 2000; La Rocca et al., 2001). After 
regiospecific methylation at C- 1 3^ (using CH 3 derived 
from S-adenosyl-methionine (Porra et al., 1983)), 
ring E is formed. Formally, this reaction sequence 
requires the abstraction of six electrons (four at C- 
1 3 ^ one each at C- 1 y and C- 1 5 for the ring closure) 
and the introduction of one oxygen. In the anaerobic 
purple bacteria, the reaction depends on vitamin Bj 2 , 
which has been suggested to be involved in at least 
two of the oxidation steps (Gough et al., 2000). Here, 
the oxygens originate from water (Porra et al., 1995). 
In cyanobacteria, green plants, and in purple bacteria 
under aerobic conditions, an oxygenase is involved 
in the process (see Porra and Scheer, 1999). The 
resulting PChlid a is the last common precursor of 
the chlorophylls. It comes in two forms: the form 
carrying an 8 -vinyl substituent ([ 8 -vinyl]-Pchlide a, 
often termed ‘Divinyl-PChlide a’) is the main product 
in purple bacteria and marine Prochlorococcus, but 
also is present in many plants; the form carrying an 
8 -ethyl group (Pchlide a proper), is ubiquitous in 
oxygenic organisms. In addition, PChl(ide) b has 
been reported as a minor component (Kotzabasis and 
Senger, 1 989), but this has been disputed (Scheumann 
et al., 1999). For green plants, a complex network 
has been shown for the reaction sequence from 
protoporphyrin IX to PChlide a, which involves not 
only parallel 8 -ethyl and 8 -vinyl-branches, but also 
branches with free and esterified C-I7 proponic acid 
side chains, with connections between the parallel 
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Fig. 2A. Biosynthesis of tetrapyrroles. a) Early steps to protoporphyrin and general survey of entry into other tetrapyrrole pathways. Enzymes: ( 1 ) glutamyl-tRNA-synthetase, glutamyl- 
tRNA reductase and glutamate- 1 -semialdehyde aminotransferase; (2) ALA synthase; (3) porphobilinogen synthase (ALA dehydratase); (4) hydroxymethyl-bilane synthase (PBG 
deaminase); (5) uroporphyrinogen III synthase (urogen III cosynthase); (6) uroporphyrinogen III decarboxylase and coproporphyrinogen III oxidative decarboxylase; (7) protoporphyrinogen 
oxidase; (8) ferrochelatase; (9) Mg-chelatase [ChlD, ChlH, Chll or BchD, BchH, Bchl]. (Continued on next page) 
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a) Mg-insertion (9) 

b) Methylation by SAM (10) 






Protoporphyrin IX 



Mg-Protoporphyrin lX-13^-mme 



PChlide a 



Chlide Cj + other c-type chlorophy!l{ide)s 



^Hydrogenation S-vinyl (14) 
■^Hydrogenation ring D (13) 
Hydratation 3-vinyl group 



a) Hydrogenation ring D (12, 13) 
Hydrogenation 8-vinyt (14) 

b) Esterification (GGPP, Fig.8) (15) 
Hydrogenation of alcohol (16) 






a) Hydrogenation ring B (13a) 

b) Esterification (GGPP, Fig.8) (14) 
Hydrogenation of alcohol (16) 




Fig. 2B. Biosynthesis of tetrapyrroles. b) dedicated steps in the biosynthesis of chlorophylls. Enzymes: (9) Mg-chelatase [ChlD, ChlH, 
Chll or BchD, BchH, Bchl], (10) S-Adenosyl-L-methionine:Mg protoporphyrin IX methyltransferase [BchM]; (1 1) enzymes unknown, 
oxygenase involved in plants and aerobic bacteria, oxygen-independent dehydrogenase in anaerobic purple bacteria [BchE?]; (12) light 
dependent NAD(P)H protochlorophyllid oxidoreductase; (13) light independent [ChlB, ChlL, Chi N/ Bch B, BchL, BchN]; (14) 8-vinyl 
reductase, chlorophyll synthase (polyprenyl transferase) [BchG mRhodobactersphaeroides];(l5)FlAD?¥[-germy\gQrmy\ oxidoreductase 
[BchP in Rb. sphaeroides]\ (17) chlorophyll a oxygenase/dehydratase [BchP in Rhodobacter sphaeroides, Addlesee and Hunter, 1999]; 
(18) 7-formyl reductase; NADH-ring B oxidoreductase [BchX, BchY, BchZ]. 



chains at several points, and with species-specific 
patterns of the favored pathways (Rebeiz et ah, 1 983). 

Pchlide is also a branching point to the c-type 
chlorophylls. [8-vinyl]-PChlide is, in fact, already a 
true chlorophyll, functional in light harvesting 
(Helfrich et al., 1999). Little is known about the 
pathway from Pchlide a to the c-type chlorophylls. 
Some of the reactions have counterparts in other 
tetrapyrrole biosynthetic reactions like the oxygen- 
ation at C-7\ but no enzymes have been identified to 



the author’s knowledge. 

Two different classes of enzymes are responsible 
for the regio- and steroselective reduction of the 
peripheral double bonds to yield the chlorin and 
bacteriochlorin type chlorophylls. A light-indepen- 
dent protochlorophyllide-NAD(P)H-oxidoreductase 
(‘dark’ POR) appears to be ubiquitous in all 
photosynthetic organisms, but in angiosperms is 
largely replaced by light-dependent enzymes (‘light’ 
PORA, or PORB) (Walmsley and Adamson, 1990). 
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PORA is one of the most intensely studied enzymes; 
it forms a stable enzyme-substrate eomplex (PChlide- 
holoehrome), which accumulates to substantial 
amounts in dark-grown seedlings and is activated by 
light (Griffiths, 1991). In these plants, the complex 
accumulating in the dark inhibits PChlide formation 
by feedback of ALA synthesis (Beale, 1 999), and the 
Chlide a formed as a product in the light is an 
activator for the formation of chlorophyll proteins 
(Eichacker et al, 1992). Both PChlide a and [8- 
vinyl] -PChlide a are substrates to the ‘light’ POR. 
Much less is known about the widely distributed 
‘dark’ POR. The tetrapyrrole substrate specificity 
and product structures are similar, but the two 
enzymes appear quite unrelated. Recent sequence 
and enzymatic data of the three-subunit complex 
indicate a relation to nitrogenase, including the 
requirement of ferredoxin as reducing agent (Fujita 
and Bauer, 2000). In green plants, the final steps are 
the esterification and the hydrogenation of three of 
the four double-bonds of geranyl-geraniol, the 
esterifying alcohol. Again, a network of parallel 
reactions with multiple connections seems to exist 
(Rudiger, 1993). In Rhodobacter sphaeroides, BChG 
catalyses the esterification reaction (Addlesee et al., 
2000) 

Chi b is formed from Chi a by an oxygenase 
(Schneegurt and Beale, 1992; Porra et al., 1993; 
Oster et al., 2000), and can be converted back to Chi 
a (Scheumann et al., 1996; Ito et al., 1996), the latter 
reaction also occurs in higher plants before ring- 
opening during chlorophyll degradation (Folly and 
Engel, 1 999). Nothing is known about the introduction 
of oxygenic functions at the same position into BChl e 
(7-formyl) and into Chi (8-COOCH3), or at position 
8^ in the RC pigment found in green bacteria (8- 
CH2CH2OH). 

In anoxygenic bacteria, hydrogenation of ring D is 
followed by hydrogenation of ring B, by a variant of 
the ‘dark’ POR. The final steps of esterification and 
alcohol hydrogenation appear to be basically similar 
to the corresponding reactions in green plants and 
cyanobacteria (Naylor et al., 2000), in spite of 
different specificities leading to variations in 
hydrogenation (and length) of the alcohols (Biel, 
1995; Senge and Smith, 1995). Very little is known 
about the biosynthesis of the other bacterio- 
chlorophylls. BChl g is formally, and possibly 
biosynthetically, an isomer of Chi a, and the unsatur- 
ation of ring B in BChl b could as well be the result 
of a double-bond isomerization rather than a 
hydrogenation-dehydrogenation sequence, but the 



enzymes have not been identified to the author’s 
knowledge. Likewise, little is known about the 
biosynthesis of BChl c, d and e. In one species of 
green bacteria the genome has been sequenced. A 
number of candidate methyl-transferases has been 
annotated based on the presence of tetrapyrrole 
binding sites (D. Bryant, personal communication), 
but most of the reactions are unique for this type of 
pigment and require the isolated enzymes for 
confirmation. The extra methyl groups are derived 
from S-adenosylmethionine and the 7-CHO group is 
likely to be introduced by an oxygen-independent 
enzyme in view of the sensitivity of most green 
bacteria to oxygen. 

3. Spectroscopy 

The visible spectra of cyclic tetrapyrroles were first 
rationalized by the four-orbital model of Gouterman 
(Weiss, 1 972, 1978). Excitations from the two highest 
occupied molecular orbitals (HOMO) to the two 
lowest unoccupied molecular orbitals (LUMO) result 
in four transitions in or near the visible region (300- 
800 nm), each of which usually is accompanied by 
one major vibronic band. In metalloporphyrins like 
Mg-protoporphyrin IX (Fig. 2b) with (nearly) four- 
fold symmetry (04,^), the transitions are pairwise 
degenerate. They give rise to the low-energy Qq.q 
band with a vibronic side-band (Qo_i) in the 500-600 
nm region, and to the high-energy Soret or B-bands 
(Bq.q Bq„j) at the vis-uv border (Fig. 3 and Chapter 3, 
Parson). The B-bands are strongly allowed and intense 
(e~ 10^ cm“^M“^), while the Q-bands are only weakly 
allowed and an order of magnitude less intense (e ~ 
10"^cm”^M“^). Most synthetic metalloporphyrins are 
of this type and therefore have only moderate 
absorption in the visible spectral region. 

Any lowering of the symmetry renders the visible 
bands less forbidden and increases their intensities. 
Even the introduction of the isocyclic ring E in 
PChlide and c-type Chlides increases the low-energy 
transitions (Qy-band) two- to three- fold, which could 
be a major factor for the evolution of this characteristic 
feature of the chlorophylls. It is introduced early in 
the biosynthesis subsequent to the introduction of 
Mg, at a stage common to all chlorophylls, and takes 
place at the macrocyclic unsaturation level of the 
porphyrin. However, the c-type chlorophylls, which 
are pheoporphyrin Mg-complexes, still have relatively 
weak absorptions in the visible region (Table 2, 
Fig. 3), because the substituents perturb the symmetry 
of the conjugated ;r-system only slightly. This situation 
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Fig. 3. Absorption spectra of cyclic conjugated tetrapyrroles in monodisperse solutions: Influence of conjugation system on spectra. 
Shown are the spectra of the porphyrin type (PChlide a = protochlorophyllide a), the chlorin type (Chi a = chlorophyll a) and the 
bacteriochlorin type (BChl a = bacteriochlorophyll a) and the assignments of the major absorption bands according to the four-orbital 
model. 

is dramatically changed by the reduction of the is oftwo-fold importance in photosynthetic systems, 

porphyrin-macrocycle at C-17,18 to the chlorins, Because natural light usually is only weakly polarized, 

and additionally at C-7,8 to the bacteriochlorins. The and is further depolarized in water or within a leaf, a 

symmetry of the ;r-system now is decreased so much preferential, ordered orientation of the chlorophylls 

that the intensities of the Q- and B-bands become probably is of little importance for light absorption, 

comparable, thus increasing substantially light- However, the second function of antennas is the 

harvesting in the Vis or NIR region, respectively. At transfer of excitation energy to the RC, and this is 

the same time, the pairwise degeneracy also is strongly dependent on the relative orientations, and 

removed, and the lowest-energy absorption band is therefore transition dipole moments, of the pigments 

red shifted (in organic solvents) to 650-680 nm involved (Chapter 3, Parson). The polarization of the 

(chlorins) or even 750-800 nm (bacteriochlorins). transition dipole moments is also of considerable 

This lowest-energy transition is always polarized importance in photosynthesis research. In ordered 

along the molecular Y-axis^ connecting rings A and structures, such as are found in crystals and in part 

C, and this band is therefore termed Qy. The higher- also in the photosynthetic membrane, knowing the 

energy transition in the Vis region, which has less orientation of the transition dipole moments with 

intensity, is polarized along the X-axis (rings B/D) respect to the molecular coordinates allows one (at 

and is therefore termed Q^. The corresponding B- least in principle) to determine the orientation of the 

bands (B^, By) still overlap in the chlorins (e.g. Chi a) pigments in these structures. For this purpose, light 

but also split in the bacteriochlorins, so the latter with different polarizations (e.g. parallel and 

show, well separated, all the bands predicted by perpendicular to the plane of an oriented membrane) 

Gouterman. There is, nonetheless, considerable is used for absorption or fluorescence spectroscopy, 

mixing among the pure transitions which has been from which the anisotropy (r) is determined: 

analyzed by Scherz et al. (1991) for BChl a and 

subsequently for BChls in which the native Mg is ^absorption- ^ ^ 2 ^ (6) 

replaced by other metals (Noy et al., 1998b). ** ^ 

The polarization* of the transition dipole moments In favorable cases, this allows the determination of 

' Light is characterized by magnetie and electric vectors, which are perpendicular to each other. When defining the polarization of light 
in optical spectroscopy, reference usually is made to the electric vector (Chapter 3, Parson and Nagarajan). 
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the direction of a transition dipole moment with a 
precision of ~ 5°. In the absence of excitonic coupling, 
this provides the orientations of the pigments (Boxer 
et ah, 1982). Structural information can even be 
obtained for dimers if the conformational space is 
scanned appropriately (Gazit et ah, 1 996). Conversely, 
if an X-ray structure is known, information can be 
obtained on details of the excitonic coupling among 
the pigments, which changes the size and direction 
of the transition dipole moments. Using photo- 
selection experiments, similar information can be 
obtained even for systems in isotropic solution 
(Cantor and Schimmel, 1980; Michl and Thulstrup, 
1986). 

B. Phycobiliproteins 
1. Structures 

Biliproteins (Apt et al., 1995; MacColl and Guard- 
Friar, 1987; Chapters 9, 10, 1 1, 17) are characteristic 
of the cyanobacteria, including some prochlorophytes 
and the conspicuously pigmented Acaryochloris 
marina (Marquardt et al., 1997). Among the 
eukaryotes, biliproteins occur in the plastids of red 
algae, glaucophytes like Cyanophora paradoxa, of 
the phylogenetically complex cryptophytes (who 
probably obtained their plastids from red algae by 
secondary endosymbiosis), and cryptophyte- 

A 




Phycocyanobilin (PCB, R = CH2-CH3) 
Phytochromobilin (POB, R = CH=CH2) 



containing dinoflagellates (probably tertiary 
endosymbionts) (Chapters 1 and 9-1 1). Phycobilins 
are extra-membranous antenna pigments, and in most 
organisms they are organized in supramolecular 
complexes, thephycobilisomes (PBS; Chapters 9,10). 
An exception are the cryptophyte biliproteins, whose 
supramolecular organization is unclear (Chapter 1 1, 
Hiller and Macpherson). The widespread phyto- 
chromes are biliproteins, too. Many of the chromo- 
phore-protein interactions are similar, but are involved 
in the different function of light sensing. 

The chromophores of phycobiliproteins, the 
phycobilins, are tetrapyrroles, too. However, the four 
pyrrole rings do not form a macrocycle but are rather 
arranged in an open-chain fashion, and they also do 
not contain a central metal ligand. The name ‘bilin’ 
for such open chain tetrapyrroles is derived from 
their occurrence in bile liquid (see biosynthesis). 
Note the different numbering for the cyclic and 
linear tetrapyrroles (Figs. 1 and 4 and lUPAC-IUB 
Joint commission biochemical nomenclature, 1979, 
1999). 

The photosynthetic bilins comprise a family of 
structurally closely related chromophores (Fig. 4) 
(Beale, 1993; Schluchter and Glazer, 1999), which 
in the isolated state absorb only moderately (e ~ 
17,000 M-^cm-^ for PCB, Fig. 6a) in the 500-600 nm 
region. The three most abundant are phycocyanobilin 
(PCB), phycoerythrobilin (PEB) and phycourobilin 




Phycoerythrobilin (PEB) 



Fig. 4A. Structures of selected free phycobilins. The 3-ethylidene bilins (PCB = phycocyanobilin and PEB = phycoerythrobilin) are the 
only two free phycobilins found as biosynthetic precursors to the bound chromophores (Fig. 4b). Also shown is P<t>B, the chromophore 
of most phytochromes, which differs from PCB only by having a vinyl instead of an ethyl group at C-18. The numbering is shown for 
phycocyanobilin; note that it differs from that of the cyclic tetrapyrroles (compare Figs, la and 4a). The bilins are shown (schematically) 
in their cyclic conformations, which are prevalent in solution, in denatured biliproteins, and in bilipeptides. They are shown in the 
uncharged fonu of the tetrapyrrole, but can be protonated (see spectra Fig. 6) and deprotonated at the central nitrogens (Scheer, 1982; 
Braslavsky et al., 1983; Falk, 1989). Numbering according to lUPAC-IUB Joint commission biochemical nomenclature, 1979, 1988). 
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3^-Cys-Phycocyanobilin (R = C 2 H 5 ) 
3^-Cys-Phytochromobilin (R = C 2 H 3 ) 










3^1 8^-Di)- Cys-1 5, 1 6-Dihydrobiliverdin 



Fig. 4B. Schematic structures of bound phycobilins in biliproteins. The top four chromophores are widespread among biliprotein 
containing organisms (Table 1 a); the bottom four are unique for the cryptophyte phycobilins, which are not organized in phycobilisomes. 
The nomenclature is adapted from Beale, 1993b), and is based on the free chromophores. The bound chromophores are treated as cysteine 
addition products to the free molecules (see text). The numbering is shown for 3^-Cys-phycocyanobilin. Note that it differs from that of 
the cyclic tetrapyrroles (compare Figs, la and 4a). Chromophores with the prefix ‘3*(, 18^-Di)’ are linked to some proteins at C-18^ in 
addition to C-3f All chromophores are shown in a schematic (semi-) extended conformation characteristic for the native biliproteins, 
including the phytochromes (Scheer, 1982; Braslavsky et al., 1983; Falk, 1989; Schirmer et al., 1987; Duerring et al., 1990; Brejc et al., 
1995; Chang et al., 1996; Reuter et al., 1999; Wilk et al., 1999; Ficner and Huber, 1993). Numbering according to lUPAC-IUB Joint 
commission biochemical nomenclature (1979, 1988). 
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(PUB) (Fig. 4). The rare cyanobacterial biliprotein, 
phycoerythrocyanin, contains yet a fourth chromo- 
phore, which has been termed phycoviolobilin (PVB) 
or phycobiliviolin (Bishop et ah, 1987. These four 
chromophores occur in phycobilisome-containing 
organisms. Cryptophytes, which do not form 
phycobilisomes (Chapter 1 1 , Hiller and Macpherson), 
produce a variety of additional chromophores, some 
of them with an additional double-bond at the C-12 
side-chain of the bilin. Interestingly, this position 
corresponds biosynthetically to C-17 in the 
chlorophylls, which in cases like Chi C 2 also carries 
an acrylic acid side-chain; they may therefore have 
common ancestors and/or enzymes. Phytochromo- 
bilin, the chromophore of most phytochromes, is a 
close relative of PCB, differing from it only by the 
C-18 substituent (Fig. 4). 

All phycobilin-chromophores are covalently linked 
to their apoproteins via thioether-bonds to cysteines^. 
The linkage to ring A at position 3^ is present in all 
chromophores, and in some cases there is an 
additional link to ring D at position 1 8 ^ (Fig. 4b). The 
bilins, from which they are formally derived, are 
mostly isomers containing nine C=C double-bonds, 
which is two less than in the animal pigment, 
biliverdin. Bilin 618, mesobiliverdin and 15,6- 
dihydrobiliverdin contain ten conjugated double- 
bonds, not counting that of the C-12 acrylic side 
chain of ring C in bilins 618 and 584. For the 
nomenclature of free bilins, see lUPAC-IUB Joint 
commission biochemical nomenclature ( 1 979, 1 988). 

The nomenclature of biliprotein chromophores is 
mostly generic, and is ambiguous in several respects. 
The most confusing aspect is the frequent use of the 
same term, e.g. phycocyanobilin, for both the free 
chromophore (Fig. 4a) and for a chromophore 
covalently attached to the apoprotein (Fig. 4b). Due 
its mode of attachment, the latter lacks one (in some 
cases even two) double bonds and therefore has a 
different molecular structure. In Fig. 4, the more 
specific nomenclature of Beale has been adopted to 
circumvent this ambiguity. It reserves the bilin name, 
e.g. phycocyanobilin (PCB) in the chosen example, 
to the free chromophore carrying the 3-ethylidene 
group, and the bound chromophores are characterized 
as cysteine addition products (Beale, 1993). Adding 
to this the position of the covalent linkage, the bound 
chromophore is 3‘-Cys-phycocyanobilin. It can be 



^ A free ehromophore has recently been suggested in a bacterial 
phytochrome (Davis et ah, 1999). 



further specified by identifying the position of this 
cysteine, e.g. 3^-(Cys-a84)-phycocyanobilin for the 
chromophore at Cys-84 of the a-subunit. Finally, the 
complete description also requires the inclusion of 
the stereochemistry at the asymmetric centers and 
the methine bridges, and the state of protonation, 
which however is known only in a few cases (see 
below). 

2. Biosynthesis 

Most bilins (with the notable exception of those 
derived from chlorophyll) are synthesized via Fe- 
porphyrins, hemes. In animals, they mainly arise 
from hemoglobin in the catabolic turnover of red 
blood cells. In a complex reaction requiring three 
molecules each of NAD(P)H and O 2 , the macrocycle 
is opened at position 5 (note the different numbering 
in cyclic and open-chain tetrapyrroles. Figs, la and 
4a,b) to yield biliverdin (biliverdin IXa in the older 
literature), and the C-5 of the cyclic tetrapyrrole is 
released as carbon monoxide. The anabolic reaction 
leading to phycobilins in cyanobacteria, rhodophytes 
and cryptophytes is similar, but their heme- 
oxygenases are soluble three-subunit systems in 
which ferredoxin instead of NAD(P)H functions as 
the immediate electron donor to the substrate 
(reviewed in Beale, 1993). The subsequent trans- 
formations of the product, biliverdin, have been 
studied in detail for only two of the phycobilin 
chromophores, phycocyanobilin (PCB) and phyco- 
erythrobilin (PEB), in addition to the plant sensory 
chromophore phytochromobilin (Pd>B) (reviewed by 
Beale, 1993; Hirschberg and Chamovitz, 1994; 
Cornejo and Beale, 1997; Schluchter and Glazer, 
1999; Frankenberg et al., 2001). Biliverdin is 
transformed into the phycobilin chromophores in a 
series of reactions that involve two reductive steps 
and several subsequent isomerizations, eventually 
yielding bilins carrying a 3E-ethylidene side chain, 
phycocyano- and phycoerythrobilin (Fig. 4a). Several 
different reaction sequences have been identified. 
The one shown in Fig. 5 has been studied in detail in 
the red alga Cyanidium caldarium (Galdieria 
sulphuraria) and probably also operates in cyano- 
bacteria. Biliverdin is reduced first in a ferredoxin- 
dependent reaction to 15,16-dihydrobiliverdin, and 
then further by a different enzyme to A3,3’Z-PEB. 
The latter is a precursor to the isomeric A3,3^Z-PCB, 
even in cyanobacteria devoid of phycoerythrin. Both 
pigments are synthesized first with the 3-ethylidene 




Apoproteins 
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to the apoproteins. Little is known to date about the biosynthesis of the cryptophyte bilin chromophores. For bilins derived from chlorophyll degradation (Fig. 2a), see 
(1999), Hortensteiner and Krautler (2000), Takamiya et al. (2000) and Gossauer and Engel (1996). 
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side-chain in the Z-configuration. Before the 
attachment to the apoproteins, they are isomerized in 
a glutathione dependent reaction to the A3,3^E- 
isomers, which are the substrates proper for the 
ligation reaction. The other pathway proceeds first to 
A3,3 IZ-POB in a 1,4-hydrogenation reaction, which 
probably also occurs during the biosynthesis of POB 
in plants (Frankenberg et al., 2001). The 18-vinyl 
group is subsequently reduced to yield PCB. Vinyl 
reductions are common in the cyclic tetrapyrroles 
(see section 3.A.2). It has been demonstrated in the 
green alga Mesotaenium caldariorum, which uses 
PCB (and not POB) for its phytochrome (Wu et al., 
1997). Note, however, that C-18 in bilins is 
biosynthetically equivalent to the ring A vinyl group 
of cyclic tetrapyrroles. Recently, bilirubin has been 
demonstrated as another reduction product, but its 
role is presently unclear (Schluchter and Glazer, 
1999; Frankenberg et al., 2001). 

The last step for the two phycobilins (as well as 
generally for Pd>B) is the attachment of the 
chromophores to their apoproteins. This reaction is 
currently only partly understood. In the biliproteins, 
up to four chromophores are bound regio- and 
stereospecifically to cysteines of a single apoprotein. 
A minimum of 7 (a- and jS-APC, a- APB, jS-APj^ 2 ? 
and /3-PC, L^,^) and often more (e.g. 13 in Calothrix 
PCC7601 (Kahn et al., 1997)) chromophorylated 
proteins are present in phycobilisomes, and some of 
the chromophores are even doubly linked (Fig 4b). 
This raises the question of how these chromophores 
become attached to specific positions (Schluchter 
and Glazer, 1999). In vitro, thiols can be added 
(reversibly, see below) to the free chromophores 
carrying a 3-ethylidene side chain, PCB and PEB 
(Kost et al., 1975 as well as POB (Thiimmler et al., 
1981). In the phyto- and cyanochromes (phyto- 
chrome-like chromoproteins from cyanobacteria), 
the chromophore addition in vitro is an autocatalytic 
process that has been used to introduce non-natural 
chromophores (Kidd and Lagarias, 1990; Lamparter 
et al., 1997; Murphey and Lagarias, 1997; Wu et al., 
1997; Lindner et al., 1998). The situation is more 
complex in the phycobiliproteins. In phycocyanin, 
which has been studied in some detail, two binding 
sites (a-84, j3-84) show autocatalytic binding. The 
third chromophore, which incidentally also has 
another stereochemistry (Schirmer et al., 1 987), does 
not reconstitute in vitro (Arciero et al., 1988a). 
However, even for the former two sites the attachment 
is unspecific, and the PCB chromophore becomes 



partly oxidized to a mesobiliverdin in the process 
(Arciero et al., 1988b). Proper binding to at least one 
of the sites (a-84) has, however, been shown for the 
PCB chromophore in the presence of a lyase encoded 
by cpcE and cpcF, two genes that are located 3 ' of the 
phycocyanin genes on the cpc-operon (Fairchild et 
al., 1992; Swanson et al., 1992; Zhou et al., 1992; 
Fairchild and Glazer, 1994). This lyase ensures the 
proper stereochemistry at C-3 and C-3^ and also 
inhibits a concomitant oxidation of the chromophore. 
Homologous genes have been found in other 
biliprotein operons including that for PEC (Kufer et 
al., 1991; Jung et al., 1995) as well as in non- 
contiguous regions (Kahn et al., 1997; Schluchter 
and Glazer, 1999). Their mode of action is unclear, 
and their numbers are insufficient if a specific pair of 
lyase proteins is needed for each bilin binding site. 
Knockouts of the respective genes have produced 
different responses (see Steiger et al., 1999). While 
lack of the PC-a-84 lyase generally resulted in the 
formation of PC lacking the chromophore on the a- 
subunit (Swanson et al., 1 992), inactivation of pecYZ 
coding for a putative PE-lyase resulted in decreased 
levels of the fully chromophorylated protein (Kahn 
et al., 1997), and inactivation of pecEF coding for 
the PEC-a-84 lyase (Zhao et al., 2000) resulted in 
reduced PEC levels carrying a PCB instead of a PVB 
chromophore at Cys-a-84 (Jung et al., 1995). These 
data indicate that other lyases can replace the 
dedicated ones, or that more selective spontaneous 
(autocatalytic?) ligations may take place in vivo. 

Analogous additions of PCB have been studied in 
other biliproteins (allophycocyanin, ^-phyco- 
erythrocyanin), and with other 3-ethylidene 
chromophores (PEB, Pd>B, modified PCB). The 
addition reaction of thiols to these chromophores is 
reversible, including the addition to the protein. The 
three chromophores, PCB, PEB and Pd>B, can be 
cleaved from PC and APC, PE, and phytochromes, 
respectively, by heating with alcohols or treatment 
with HBr in trifluoroacetic acid (Chapman et al., 
1968, Schram and Kroes, 1971; Scheer, 1985). 
However, neither the addition nor the elimination 
reaction has been observed with a second group of 
chromophores, which as a common structural feature 
have an unsaturated ring A with a A2,3 double bond. 
Of the eight chromophores shown in Fig. 4b, no less 
than five belong to this group. The elimination here 
does not form an ethylidene-group, but rather a vinyl 
group and the attachment could occur by addition of 
the cysteine thiol to the vinyl-group of the putative 




Chapter 2 The Pigments 



53 



free chromophore. Corresponding products are 
known for the heme chromophores in the c-type 
cytochromes, where this addition and its reversion 
have been well studied (Fuhrhop and Smith, 1 975). It 
is even possible to cleave heme while still bound to 
the apocytochrome to yield an ‘artificial’ biliprotein 
(Rice et ah, 1999). It also can be speculated that the 
second linkage to ring D in the doubly linked 
chromophores arises from such a reaction. However, 
there are no reports on the direct addition of an apo- 
biliprotein to the 3 -vinyl-group of any of this second 
type of phycobilins, nor on cleavage of the 
chromophore to yield a vinyl-bilin. In fact, only one 
of the second type of chromophores, 15,16- 
dhydrobiliverdin, has hitherto been identified as a 
free pigment in cyanobacteria, where it is a 
biosynthetic precursor of PEB and PCB. 

An alternative mode of attachment has recently 
been reported for one chromophore of this group, 
phycoviolobilin, from binding studies with PCB to 
a-apo-PEC. As in the PC operon, the PEC operon 
has two homologous genes coding for a lyase, 
and pecF. In the absence of PecE/F, PC is added 
spontaneously to the apoprotein to yield a 3^-Cys-a- 
84-PCB adduct. In their presence, the corresponding 
PVB adduct is formed, which has an isomeric 
chromophore (Fig. 4b) (Zhao et al., 2000). The 
suggestion from these data is that the substrate of the 
reaction with PecE/F in vivo is not the hypothetical 
PVB carrying a 3 -vinyl group, but instead PCB 
carrying a 3-ethylidene group, which is isomerized 
during the addition to yield the PVB-3*-Cys adduct. 
Similar lyase-catalyzed isomerizations might be 
envisioned for other chromophores of the second 
type, but the apparent lack of additional lyase proteins 
remains puzzling. 

3. Spectroscopy 

Biliproteins provide an advantage to their parent 
organisms by absorbing precisely in the ‘green-gap’ 
of the Chls a and b. This advantage is balanced, 
however, by the high protein content and the corres- 
pondingly high biosynthetic costs for phycobilin- 
containing antennas (Table 3). The reason for this 
investment probably is the unfavorable biophysical 
properties of free bilin-chromophores, which are 
remarkably unsuited for light-harvesting (Scheer, 
1982; Braslavsky et al., 1983; Falk, 1989). Free 
phycocyanobilin has only moderate absorption in 
the visible range (£6oonm ~ 17,000 cm"*M“‘), much 



less than that of any other antenna chromophore 
(Fig. 6c). The extinction coefficient increases in PEB 
and PUB, the chromophore absorbing at shortest 
wavelengths (Fig. 6a), but even the latter is a much 
poorer absorber than, e.g, Chi a. Free bilins (as well 
as denatured phycobilins) also have short radiative 
lifetimes and correspondingly low fluorescence yields 
(<10~^), and are therefore rather efficient quenchers 
of excited states. Furthermore, they are chemically 
and photochemically very labile. Obviously, these 
properties need to be improved, because such 
chromophores are efficient degraders of excitation 
energy rather than collectors. Their only advantage is 
that they do not pose photodynamic problems. Free 
bilins are, nonetheless, found only in traces in 
photosynthetic tissue, mainly as degradation 
intermediates of chlorophylls (Krautler and Matile, 
1999; Gossauer and Engel, 1996). 

The required improvements of the excited state 
properties are done admirably by the apoproteins, 
albeit at a considerable cost in the form of protein 
synthesis. In the native biliproteins, the photophysical 
properties of the chromophores are changed so 
profoundly that at first glance there is hardly any 
relation among the two states: the chromophore 
absorptions are increased more than five-fold (e ~ 
10^) (Fig. 6c), the fluorescence lifetimes and thereby 
the yield increase by four orders of magnitude to 
nearly 100% (see Scheer, 1982). At the same time, 
the chromophores become quite stable, e.g. to oxygen. 
The reason for these dramatic changes is, however, 
not the formation of the covalent linkage to the 
apoprotein. Binding to the protein in fact hardly 
changes the properties of the chromophores. This is 
evidenced most clearly by the denatured phycobili- 
proteins, which show exactly the same ‘undesirable’ 
properties as the free chromophores. As an example, 
denatured phycocyanin (8 M urea, pH 1 .9, heavy line 
in Fig. 6c) has practically the same spectrum as the 
derived chromopeptide or a cysteine-adduct of PCB, 
and is only slightly blue shifted but otherwise similar 
to that of free PCB. The dramatic changes in the 
properties of the biliprotein chromophores are brought 
about only in the native biliproteins. Here, the bilin 
chromophores render the phycobilins excellent 
antenna pigments, which absorb light efficiently and 
transfer it to the RC with quantum yields approaching 
100% (Scheer, 1986). Variations of the proteins and 
in particular the association with linker-proteins allow 
in addition for a considerable tuning (up to 1 00 nm 
for e.g. PCB) of the absorption maxima (Reuter et 
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Table 3. Investment into chromophores in different antennas 



Antenna Esterilying alcohol investment Protein investment 

into tetrapyrrole^^ (kDa protein/chromophore) (kDa protein/tetrapyrrole) 



Chlorosome (green bacteria) 


3 


<1 


- 1 


LHCII (green plants) 


4 


1.7 


2.25 


LHCII (heterokonts, dinophytes) 


4 (Chi a), 0 (Chls c) 


1.7 


2.25 


LH 1 (purple bacteria) 


4 


4.3 


6.5 


LH2 (purple bacteria) 


4 


2.6 


4.3 


PS I (type I RC with integrated antenna) 


4 


3.5 


4 


Allophycocyanin 


- 


16 


16 


C-Phycocyanin 


- 


11 


11 


C-Phycoerythrin 


- 


7.5 


7.5 



Number of isopentenylpyrophosphate units 




Fig. 6. Absorption spectra of open-chain tetrapyrroles in the free state and in native biliproteins: a: Spectra of the four phycobilin 
chromophores (top structures in Fig. 4b) from cyanobacterial and rhodophyte biliproteins in their protonated state. For 3^-Cys-PVB, the 
spectra of the 15Z- and 15E-isomers are shown. These isomers are photochemically interconvertible in the native protein, PEC. See Fig. 
4b for the nomenclature. I thank K.-H. Zhao for the spectra of PVB, and M. Storf for the spectra of PCB and PEB. The spectrum of PUB 
has been redrawn from Klotz and Glazer (1985). The scaling of the ordinate is based on the extinction coefficients of Klotz and Glazer 
( 1 985), Glazer and Hixson (1975) and Bishop et al. ( 1 987). Spectra of denatured biliproteins or of chromopeptides are very similar to the 
spectra of the free chromophores, while those of the native biliproteins are quite different (see Fig. 6c and text). 



al, 1999) (Fig. 6c). Two molecular mechanisms have 
been considered for the optimized properties of the 
chromophores in native biliproteins: The first is a 
conformational change of the chromophores; the 
second, a restriction of their conformational mobility. 
Free bilins have a preferred cyclic conformation, 
with the four pyrrole rings arranged in a geometry 
similar to that in the cyclic tetrapyrroles (Braslavsky 
et al., 1983; Falk et al., 1984). The absorption 
spectrum is therefore of the porphyrin type, albeit 
with broader bands (see below), with a weak visible 
and a moderately intense near-uv band. The bands 



are broader, however, due to the conformational 
flexibility. In the native biliproteins, they are brought 
into an energetically less favorable extended polyene- 
type conformation (Schirmer et al., 1987; Duerring 
et al., 1990; Ficner and Huber, 1993; Brejc et al., 
1995), in which the long-wavelength transition is no 
longer forbidden (Scheer et al., 1982). This 
conformational change can explain the strongly 
increased absorption in the Vis well, but is of little 
consequence to the excited-state lifetime. This has 
been shown with free bilins having a similarly 
extended conformation, which still have quite low 
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Fig. 6. (Continued) Absorption spectra of open-chain tetrapyrroles in the free state and in native biliproteinsib: Comparison of the spectra 
of an open-chain chromophore, protonated 3 hCys-PCB in a cyclic conformation (C-phycocyanin in 8 M urea, pH 1 .9, spectrum provided 
by M. Storf; the spectroscopic properties of 3’-Cys-PCB chromopeptides are practically identical) and of two cyclic tetrapyrroles in 
which the conjugation chain is interrupted, cobalamin (vitamin Bj 2 ) and cofactor F430 (spectra taken from Scheer, 2000). c: 
Environmental effects (confomiation, protonation, type and state of the protein) on the spectra of a phycobilin chromophore, 3hCys- 
PCB. Shown is the same chromophore in its isolated, neutral (3hCys-PCB, cyclic confonnation) and protonated state (3kCys-PCB, 
protonated, cyclic conformation, spectra from M. Storf), of C-phycocyanin in the native trimeric state with a bound rod-linker (CPC 3 - 
Lr), of allophycocyanin in the native trimeric state (APC 3 ), of its complexes with the core and the core-membrane linker (APC 3 -Lj.^,), and 
of allophycocyanin B (APB). In all known native biliproteins, the chromophores are present in slightly varying extended conformations 
(Brejc et ah, 1995; Schirmer et ah, 1987; Reuter et ah, 1999). The allophycocyanin spectra were kindly provided by W. Reuter. The 
ordinates correspond to the extinction coefficients of single chromophores, averaged over all binding sites (see Gottschalk et ah, 1993; 
Gottschalk et ah, 1994). Note the large increase in absorption in the native biliproteins. 
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fluorescence yield 10~^) (Petrier et al, 1981). Two 
reasons have been suggested for this rapid deexci- 
tation. One is intramolecular H-transfer; the other, 
the shallow conformational ‘energy-landscape’ of 
these flexible pigments. The latter leads to a high 
density of states as evidenced by the broad 
absorptions, which render high vibronic levels of the 
electronic ground state (Sq vj iso-energetic to excited 
state (Sj) levels. This favors radiationless transitions 
from Sj to Sq and ‘thermalization’ (thermal 
equilibration) of the excited state energy, by which it 
becomes unavailable for photosynthesis. A restriction 
of the conformational freedom is therefore expected 
to slow down this process. This has indeed been 
verified with model chromophores, where the 
introduction of extra bonds between the rings strongly 
enhances fluorescence (De Groot et al., 1982; Kufer 
et al., 1 983). A similar mechanism is likely to operate 
in the biliproteins, where the fluorescence lifetime is 
increased to 2-3 ns. 

Protonation of free bilin chromophores approxi- 
mately doubles their absorbance in the visible region 
(Fig. 6c). Since in the biliproteins an aspartate residue 
is close to the two central nitrogens, protonation is a 
potential additional source for the very strong 
absorption of these chromophores in the native 
phycobiliproteins (Chapter 9, Mimuro and Kikuchi; 
Kikuchi et al., 1997). However, this aspartate is 
flanked by the guanidine-group of an arginine residue, 
and it is therefore not clear from the structure if 
protonation takes place. Additional support to this 
idea has come from vibrational spectra (Siebert et 
al., 1990). 

While all chlorophyll proteins also contain 
carotenoids, the biliproteins are devoid of them. In 
contrast to the high phototoxicity of chlorophyll, 
there is currently no good evidence that biliproteins 
can generate singlet oxygen, either in their free state, 
or integrated into the native protein (Section II). 



C. Carotenoids 
1. Structures 

Carotenoids are the structurally and functionally 
most diverse group of photosynthetic pigments. The 
term ‘carotenoid’ is used here in a general sense, 
encompassing both the ‘carotenes’ proper, which 
have hydrocarbon structures, and their oxygenated 
derivatives, which are often termed ‘carotenoids’ or 
‘xanthophylls.’ Covering part of the ‘green gap’ (A^^^ = 
450-550 nm), the contribution of carotenoids to 
light-harvesting varies considerably. It is particularly 
large in purple photosynthetic bacteria, some 
heterokont and dinophyte algae (see e.g. the 
fucoxanthin and peridinin-chlorophyll proteins. 
Chapters 1 (Green and Anderson), 11 (Hiller and 
Macpherson)), while only about Vs of the light quanta 
absorbed by carotenoids in green plants are 
transferred to the reaction centers. However, whilo 
light-harvesting by carotenoids can largely be 
substituted by other pigments absorbing in the same 
spectral range, carotenoids are indispensable for 
photosynthesis as protective pigments against direct 
and indirect damage by light. With photosynthesis 
requiring a finely tuned and dynamic balance between 
the beneficial and deleterious effects of light, the 
central role of carotenoids is protection. Due to their 
protective function, carotenoids also are present in 
varying quantities in non-phototrophic organisms, 
as well as in non-photosynthetic organs (such as 
flowers), tissues or organelles of photosynthetic 
organisms. 

There are currently more than 800 known 
carotenoids, each of which can form several cis- 
trans isomers and be further modified. Only a fraction 
of them is involved in photosynthesis. However, this 
fraction is already impressive with, e.g, about hundred 
carotenoids having been identified just in the 




Fig. 7. Structures and absorption properties of carotenoids: a: The various end-groups of carotenoids are denoted by greek letters. Note 
that the Greek letters are used in somewhat confusing ways in the carotenoid literature. Besides referring to the end groups, they may also 
refer to isomers. In the first case, two Greek letters are given, corresponding to both ends of the linear structure; in the latter a single Greek 
letter is used. Two examples illustrate this: /3-carotene carries two /3 end-groups, and is therefore systematically termed /3,/3-earotene. 
a-carotene carries two e groups, and y-carotene one and one v/'end-group; they are therefore systematically termed e,e-carotene and /3, i//- 
carotene, respectively (Weedon and Moss, 1995; Fig. 7b). 
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Fig. 7. (Continued) Structures and absorption properties of carotenoids: b: Selected carotenoids of photosynthetic organisms. The pigments are arranged in the same (alphabetic) order 
as in Table lb. The list is incomplete, and the number of carotenoids is still growing rapidly. The numbering of the typical C4o-skeleton is shown in the structure of )8,j6-carotene (lUPAC 
and lUB, 1971, 1975; Weedon and Moss, 1995). The carotenoid nomenclature used is mostly generic, often referring to the organism the carotenoid is first isolated from, or in which 
it is prominent. The greek letters (^, y, e, <^, W) refer to the ‘ends’ of the structures (see Fig. 7a). Unless specifically noted, only the all-trans structures are shown; isomers may be present 
in vivo. Most of the structures are of the C40 type; exceptions are the apo-carotenes and the di-glycosylated C30 carotenoid thiothece 560. Glc = glucose. Lac = lactose. 






Fig. 7b (Continued) 




Fig. 7b (Continued) 
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anoxygenic bacteria. An incomplete display of 
carotenoids from photosynthetic organisms is shown 
in Fig. 7b, and their distribution among the phyla 
listed in Table lb. More systematic surveys can be 
found in specialized reviews on photosynthetic 
bacteria (Takaichi, 1999), algae (Jeffrey etal., 1997), 
cyanobacteria (Hirschberg and Chamovitz, 1994) 
and plants and algae (Young, 1993b; DellaPenna, 
1999). Some of the carotenoids can be used as 
taxonomic markers, in particular among the algae 
and, to a lesser degree, the phototrophic bacteria 
(Blankenship et al., 1995a). 

Carotenoids are classically defined as diterpenes: 
two C2o"Units (originally geranyl-geraniol) are joined 
tail-to-tail to a chain of 32 carbon atoms bearing 
eight methyl side-chains. The symmetry of the C- 
skeleton is also reflected in the nomenclature (see 
jS,/3-carotene in Fig. 7b and lUPAC and lUB, 1971, 
1975; Weedon and Moss, 1995): it counts from 
either end to the center. Note, however, that the first 
C-atom on either side is treated as an additional 
substituent. Generally, this basic carbon C4Q-skeleton 
is either retained, or only slightly modified, e.g. by 
cyclization at one or both ends (Fig. 7a). However, 
much more extensive modifications are possible, and 
these seem to be particularly far-reaching in 
carotenoids dedicated to light harvesting. Common 
modifications involve the degree of unsaturation, 
cis-trans (E/Z) isomers, double-bond rearrangements 
including allenic and acetylenic units, the introduction 
of oxygen-containing functional groups, and 
glycosylation/acylation of these groups. More 
extensive modifications involve shortening of the 
carbon skeleton (usually in Cj or C5-units, see e.g. 
thiotece 460 in Fig. 7b), extension of the skeleton to 
form, e.g, C5Q-carotenoids, or the formation of C3Q- 
carotenoids (diapo-carotenes) from condensation of 
two farnesyl- instead of geranylgeranyl-units (Fig. 8). 
One of the most widespread carotenes, peridinin, is a 
C37 pigment. 

The structural variety of carotenoids is particularly 
large among the anoxygenic photosynthetic bacteria 
and the algae. In the former, it is (again, see 
chlorophyll section) most pronounced among the 
green bacteria (Chlorobiaceae) and in the phylo- 
genetically complex group of aerobic purple bacteria, 
which synthesize BChl a and photosynthetically 
competent pigment-protein complexes under aerobic 
conditions. In the algae, the diversity is less complex, 
but the basic structures are sometimes extensively 
modified. As an example, the abundant bacillario- 



phyte carotenoid peridinin is not only considerably 
functionalized, but has also three carbon atoms 
excised from the central part of the molecule. A 
recent book on phytoplankton (Jeffrey et al., 1997) 
lists 29 carotenoids as markers in oceanography. The 
variations are less in the photosynthetic apparatus of 
green plants, while derived tissues (flowers, fruits) 
have a variety of carotenoids that are generally located 
in the chromoplasts. 

2. Biosynthesis 

As terpenoids, carotenoids are products of isopent- 
enyl-pyrophosphate metabolism. This intermediate 
can be synthesized either by the ‘classical’ pathway 
via mevalonate (Britton, 1993), or via the more 
recently discovered deoxyxylulose pathway (Lichten- 
thaler et al., 1997; Boucher and Doolittle, 2000) 
(Fig. 8). The phylogenetic distribution of the latter 
pathway is still under study, but it seems to be the 
pathway leading to carotenoids in most photosynthetic 
organisms. One C5-unit (dimethylallyl-pyrophos- 
phate) is condensed sequentially by prenyl trans- 
ferases in a head-to-tail fashion with three isomeric 
C5-units (isopentenyl-pyrophosphate) to yield 
geranylgeranyl-pyrophosphate (GGPP), an important 
branching point in terpenoid metabolism. GGPP is, 
directly or indirectly, the substrate for esterifying the 
C-17 propionic acid side chain of most chlorophylls 
(see above), linking the tetrapyrrole-and terpenoid 
pathways. The carotenoid branch (Fig. 8) begins 
with a tail-to-tail condensation of two molecules of 
GGPP by the dedicated enzyme phytoene synthase, 
which is the target of several herbicides that act by 
depriving the plants of the photoprotective carot- 
enoids. Having only three conjugated double-bonds, 
the resulting phytoene is still uncolored. Dehydro- 
genation by phytoene-desaturase via phytofluene to 
lycopene is common to most of the photosynthetic 
carotenoids currently known (only few carotenoids 
derive from intermediates like neurosporene or from 
the C30 (diapocarotene) branch). Many pathways 
branch at lycopene (Fig. 8) and render some of the 
enzymes and products phylogenetic markers, in 
particular among the photosynthetic bacteria and 
algae (Blankenship etal., 1995a; Jeffrey etal., 1997). 
The C3Q or diapocarotenoids of the heliobacteria and 
some other organisms of are probably synthesized in 
a similar way, except that the pathway begins with 
the condensation of two Cj5-units (farnesyl- 
pyrophosphate) to yield diapophytoene as the 
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dedicated product, which is then further transformed 
(Fig. 8;Takaichi, 1999). 

In this introductory overview, only the major 
branches of the carotenoid metabolism will be 
sketched. It should be pointed out that the genetic, 
regulatory and enzymic details are presently known 
only in few cases. For details, the reader is referred to 
specialized reviews on carotenoid biosynthesis 
(Hirschberg and Chamovitz, 1994; Alberti et al., 
1995; SandmannandScheer, 1998;DellaPenna, 1999; 
Takaichi, 1999). Several pathways can be distin- 
guished by the type(s) of transformation encountered. 
They are listed in Fig. 8 together with their distribution 
in the different photosynthetic organisms. It is likely 
that similar reactions in different branches are carried 
out by related enzymes, but this has not been 
established yet in most cases. 

In the spheroidene pathway, one of the end-groups 
is oxygenated (or methoxylated) and can be further 
oxygenated as in spheroidenone. In the spirilloxanthin 
pathway, which is most widely distributed among the 
anoxygenic bacteria, both ends are oxygenated (or 
methoxylated) to yield spirilloxanthin. In a series of 
pigments derived from either pathway, a cross- 
conjugated aldehyde group is introduced at C-13 by 
oxidation of carbon C-20, which is linked to an E > Z 
isomerization of the AI 3, 14-double bond yielding 
e.g. 13-cA-rhodopinal. While the aforementioned 
pathways lead to open-chain carotenoids, others begin 
with the cyclization of one or both of the end-groups. 
In anoxygenic bacteria, aromatic end rings are 
frequent among the Chlorobiaceae and Chrom- 
atiaceae, leading to pigments of the okenone (one 
end group cyclized) and isoreniaretene type (two end 
groups cyclized). Aromatization requires a rearrange- 
ment of the C-skeleton by a shift of at least one 
methyl group, and the two branches differ by the 
methylation pattern of the end rings (see Figs. 7a, 8). 
In higher plants, algae cyanobacteria and the 
Chloroflexaceae (Fujita and Bauer, 2000; Chapter 1, 
Green and Anderson), pigments carrying aliphatic 
rings at the ends of the molecule are common in 
photosynthetic complexes. Here, two major branches 
can be distinguished. The common intermediate is 
j3,i//-carotene (y-carotene, see the legend to Fig. 7a 
for the use of greek prefixes in carotenoid 
nomenclature), which results from /3-cyclization at 
one end. In the most ubiquitous branch (plants, 
algae, cyanobacteria, Chloroflexaceae), the other end 
is cyclized in a similar fashion and probably by the 
same /3-cyclase to yield ^,/3-carotene. This Pfl'- 



branch is traveled only a few steps in the Chloro- 
flexaceae, while in plants it leads to zeaxanthin, 
antheraxanthin, violaxanthin, and neoxanthin. The 
more heavily modified carotenoids from algae and 
cyanobacteria are probably products of even further 
modifications down this pathway. As an example, it 
has been proposed that the most abundant carotenoid, 
fucoxanthin, is synthesized via violaxanthin (Lohr 
and Wilhelm, 1999). In the second branch {P,e), 
which in plants and some algae is used together with 
the first one, the second cyclization (at the opposite 
end) is carried out by a different enzyme, e-cyclase, 
yielding the isomeric a,e-carotene (a-carotene). The 
main end-product of this branch is lutein. The 
biosynthesis of carotenoids has been studied in 
considerable detail in plants, cyanobacteria and purple 
bacteria. One practical reason for this is that many 
herbicides act by blocking carotenoid biosynthesis 
and thus impeding light protection. Some of the 
carotenoids are also commercially valuable products 
as natural food dyes, protectants or provitamins. 

While it can be speculated that the plethora of 
structural modifications all play a role in optimizing 
carotenoids for the diverse functions they perform, 
their significance is only slowly emerging. One 
important factor is certainly the length of the 
conjugation system. By proper adjustment, the 
absorption maximum can be shifted considerably, 
which is critical for light-harvesting as well as energy 
transfer. Since the energies of other excited states 
(e.g. the triplet) parallel this energy change, the 
length of the conjugation system also is important 
for the protective functions. A minimum of seven 
conjugated double bonds is considered necessary to 
quench Chi a triplets, and nine double bonds to 
quench singlet oxygen, with both processes involving 
energy transfer to produce carotenoid triplets. A 
second important aspect is the introduction of 
functional side chains. These can optimize inter- 
actions with the environment, e.g. the protein, in 
order to position the pigments properly. However, 
they can also lead to more subtle changes that critically 
affect the complex excited-state dynamics of 
carotenoids, as has been shown recently with some 
highly modified pigments like peridinin and 
fucoxanthin (Frank et al., 2000a). Koyama et al. have 
suggested that the carotenoid bands also shift 
differently in response to the polarity of the 
environment, by which overlap can further be 
optimized (Fujii et al., 2001b). The accessibility and 
lifetime of the forbidden Sj -state (see below) depends 
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on the symmetry of the molecule, which is 
considerably reduced in these pigments. Modification 
of the side-chains can also change the solubility 
While most carotenoids are hydrophobic molecules, 
there are many known modifications that render 
them more polar. A rare but extreme example is 
sulfonation (e.g. to erythroxanthin in the aerobic 
Erythrobacter sp.); another is the much more frequent 
glycosylation (e.g. by UDP-glucose in Erwinia 
herbicola). In some bacteria, up to 70% of the 
carotenoids are modified this way (Takaichi, 1999), 
and often the sugar group is modified further by 
acylation at C-6. 

Little is known about the transformation of 
carotenoids once they are incorporated into pigment 
protein complexes. A notable exception is zeaxanthin 
(Fig. 7b). In plants, zeaxanthin is localized mainly in 
specialized antenna complexes such as CP29. In a 
tightly regulated reaction sequence, it can be 
reversibly epoxidized to violaxanthin; this viola- 
xanthin-cycle provides an important (but poorly 
understood, Frank et al., 2000b) switch between 
efficient energy transfer (light harvesting) and non- 
photochemical quenching (energy dissipation as 
heat), with important consequences for light- 
protection of the photo synthetic apparatus (Chapters 
13 (Krause and Jahns); 14 (Huner et al.)). The 
zeaxanthin/violaxanthin balance is controlled by 
physiological factors including the redox state of the 
plastoquinone pool. The irreversible oxidation of 
j8,/3-carotene to zeaxanthin in PS II-RCs also has 
been implicated as a means to increase the 
violaxanthin/antheraxanthin/zeaxanthin pool (Jahns 
et al., 200). The violaxanthin cycle is also operative 
in green and some brown algae, and may even be 
more widespread (Lohr and Wilhelm, 1999). Other 
epoxidized carotenoids are frequent in all algae, and 
at least one of them (diadinoxanthin) has been shown 
to be involved in a similar, albeit only one-step, 
reversible deepoxidation cycle. 



3. Spectroscopy 

Two books have summarized the current state of the 
art in carotenoid spectroscopy with respect to 
structure, stereochemistry, analytical applications, 
and using carotenoids as probes for their environment 
(Britton et al., 1995; Frank et al., 1999). Analytical 
data and practical aspects of carotenoids from marine 
phytoplankton are nicely compiled by Jeffrey et al., 
1997). As in the previous sections, only the basic 
features of the electronic spectra (absorption, 
emission) will be discussed here, and the reader is 
referred to the aforementioned sources as leading 
references. 

The rod-shaped carotenoids show the typical 
absorption spectra of linear polyenes, which are 
characterized by some unusual features (see Britton, 
1995a; Christensen, 1999; Koyama and Fujii, 1999; 
Robert, 1999 for recent reviews): 

1: The Sq — > Sj transition from the lAg ground 
state to the 2Ag lowest electronic excited state is 
optically forbidden^ While this is, strictly speaking, 
true only for C 2 -symmetric carotenoids like j3,j8- 
carotene, this rule applies to most carotenoids and 
is only partially released in some of the most 
unsymmetric carotenoids such as peridinin. 

2: The major optical absorption arises from the 
allowed Sq — > S 2 transition from the lAg ground 
state to the IB^ state. It is generally split into 
several vibronic transitions, resulting in a series of 
three closely spaced absorption bands (Fig. 9A,B). 
These generally are well resolved, but can be 
broadened to a degree that they appear only as a 
major band with a poorly resolved shoulder on 
either side (Fig. 9C). 



^ The term ‘forbidden’ is used in spectroscopy a bit like the rules 
of the road in common life, meaning that a forbidden transition is 
unlikely, and that the likelihood decreases with the strictness of 
its ‘forbiddeness.’ 



Fig. 8. Biosynthesis of carotenoids. Scheme of the biosynthetic pathways leading to different types of carotenoids in various classes of 
photosynthetic organisms. The end product shown for a given branch is only an example of the type of structures formed, and may not 
actually be present in all cases. The term ‘aerobics’ refers to the phylogenetically diverse group of aerobic bacteria producing BChl. IPP 
= isopentenyl-pyrophosphate, DMAPP = dimethylallyl-pyrophosphate, PP = pyrophosphate. Carotenoid biosynthesis enzymes (if no 
organism is mentioned, genes are named from the annotation in Rhodobacter capsulatus, Rhodobacter sphaeroides or Erwinia 
herbicola): (1) = prenyl transferase (geranyl-geranyl-pyrophosphate synthase [CrtE]; (2) zeaxanthin epoxidase [Abal in Arabidopsis], 
(3) violaxanthin deepoxidase [vde in tobacco], (4) chloroxanthin synthase (C-1 hydroxylase) [Crt C], chloroxanthin dehydrogenase 
[CrtD], methyl transferase [CrtF], C-2 oxygenase [CrtA], (5) e-cyclase [Lut2 in Arabidopsis], (6) /3-oxygenase (/3-ring hydroxylase) 
[CrtX, CrtZ] and [e]-oxygenase (e-ring hydroxylase) [Lutl in Arabidopsis], (7) neoxanthin forming enzyme; (8) phytoene desaturase 
[CrtI] catalyses both steps in purple bacteria, while phytoene desaturase [CrtP] and ^-carotene desaturase [CrtQ] act sequentially in 
cyanobacteria; (9) via diadinoxanthin, proposed by Lohr and Wilhelm (1999). 




Hugo Scheer 




X [nm] 




Peridinin: / 

/ / 

in methanol 

in hexane.^-^V' 




Spheroidene: 




Chapter 2 The Pigments 



65 



3 : Recent data indicate that yet another (forbidden) 
excited state, 1B~, lies between the ‘classical’ Sj 
(2Ag) and 82(16;^) states (Nagae et ah, 2000; Fuji! 
et ah, 2001b). Strictly speaking, the latter would 
then be an S3 state, but the widely used term S2 for 
the 1 state has been maintained for simplicity in 
this review. 

4: AW-trans-carotQnoids show no further strong 
absorptions in the Vis and near UV spectral range, 
while the less symmetric c/^'-carotenoids show a 
typical 'cis-hmd' 100-150 nm to the blue of the 
main absorption, whose intensity depends on the 
degree to which the symmetry is broken (Fig. 9A). 

5 : Most carotenoids show extremely rapid internal 
conversion (IC) and hence negligible fluorescence, 
with lifetimes in the range of only a few 
picoseconds. Since excitation transfer has to 
compete with IC, light-harvesting carotenoids need 
to be in close proximity to their energy acceptors, 
which are mostly chlorophylls. 

6: Carotenoids have unusually low-lying triplet 
states. The triplet states of some are even slightly 
below the energy of singlet oxygen (1270 nm), 
which renders them efficient quenchers of this 
species. This is the case for j6,/3-carotene, whose Tj 
state (1270 nm = 7900 cm~^) contains only about 
35% of the S2 excitation energy, which is the main 
absorption, and even only 55% of the energy of the 
optically forbidden Sj state (Christensen, 1999). 
By comparison, the Tj state of BChl has 65 % of 
the main absorption (Sj) energy (Takiff and Boxer, 
1988). 

a. The -> Transition 

The excited-state energies of carotenoids decrease 

progressively with an extension of the conjugation 

length (Fig. 9B). The majority of data concern the 

Sq —> S 2 absorptions ( 1 A~ — > 1 B^^). The lowest-energy 



band of this manifold shifts to the red from 297 nm in 
phytoene (three conjugated double-bonds) to 502 nm 
in lycopene (11 conjugated double bonds), 526 nm in 
spirilloxanthin (13 conjugated double bonds) and 
even 540 nm in the non-natural 3,4,3',4'-tetra- 
hydrolycopene (15 conjugated double bonds). 
Although the red-shift frequently is said to occur 
continuously with increasing conjugation length, 
these data clearly indicate a progressively smaller 
increase. The excitation energy is expected to reach 
a limiting value even with conjugated chains of 
infinite length, and extrapolations have been used by 
several authors to estimate the position of the 
forbidden Sj-band (see Christensen, 1999 for a 
discussion). 

Substituent effects in carotenoids have been treated 
in some detail (Britton, 1995a). Only few examples 
will be mentioned here. Of special interest is the 
presence of a high-energy band approximately 150 
nm below the major S2-absorption in cis-carotenoids 
(Fig. 9 A). This so-called cz^'-peak is particularly 
strong {e ~ 25,000 cm"^) in the 13,14- and 

15,15 '-cis-isomers. Another point of interest is that, 
like many other pigments, carotenoids show a distinct 
red-shift upon distortion of the conjugated system. 
Such distortions can be caused by steric hindrance 
among the substituents. This effect is observed only 
for small to moderate twists of double bonds. If the 
molecule is distorted more strongly, as in allenic 
carotenoids, which carry two adjacent double bonds 
that are perpendicular to each other, the conjugation 
is effectively interrupted at the allenic (central) C- 
atom. While -OH or -OCH3-substituents have little 
effect on the spectra, unless they distort the system, 
conjugated carbonyl groups and the cross-conjugated 
CHO-group in rhodopinal-like pigments give red- 
shifts equivalent to a C=C bond. However, due to 
their polarizibility and possibilities for specific 
interactions, such groups can give rise to much larger 
red-shifts in anisotropic environments like a protein. 
An extreme case is the blue lobster pigment, a-crusta- 
cyanin, in which the astaxanthin chromophore is 
red-shifted by up to 150 nm from the absorption in 



Fig. 9. Absorption spectra of carotenoids. A: Spectral types: The well resolved, three-banded absorption spectra of the dl\-trans and 
15,15'-cA isomers of spheroidene, and the broad, poorly resolved one of peridinin (in methanol, see Fig. 9C). The cis isomer is 
characterized by an intense ‘cA-band’ at ~340 nm. B: Effect of conjugation length: Spectra of spheroidene (10 conjugated double bonds 
(cdb)), 5',6'-dihydro-7',8'-dehydro-spheroidene (11 cdb), 7',8'-dehydro-spheroidene (12 cdb) and r,2'-dihydro-3',4'-dehydro- 
spheroidene (13 cdb). Spectra modified from Fig. 4 of Desamero et al. (1998). The molecules were synthesized by the group of J. 
Lugtenburg, Univ. of Leiden. C: Solvent effects: Spectra of spheroidene in 2-methyl-tetrahydrofurane (MTHF), in 3-methyl pentane 
(MP), and in ethanol :petrolether-diethylether (EPA), and of peridinin in hexane and methanol. Spectra modified from Figure 2E of Frank 
et al. (2000a). I thank H. Frank, Univ. of CT, for providing all the data files for this figure. 
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organic solvents (Britton, 1995a), The presence of 
conjugated carbonyl groups has recently been 
recognized as an important factor for two particular 
spectroscopic features (Frank et ah, 2000a). These 
are a broadening of the — > S 2 absorption band, 

which is particularly pronounced in polar environ- 
ments, and an increased lifetime of the Sj excited 
state (see below). 

The absorption maximum also depends consider- 
ably on the solvent (Fig. 9C). The shift of the S 2 - 
absorption band has been quantitatively related to 
the refractive index (high-frequency dielectric 
constant) of the solvent (Kuki et al., 1 994; Andersson 
et al., 1 99 1). The electrochromic shift of carotenoids 
in membranes can be considered a special case of the 
solvent dependence: if the pigments are oriented 
perpendicular to the membrane plane, they show 
distinct spectral shifts with changes in the membrane 
potential (Witt, 1975). Another special case is the 
effect of water, which in carotenoids leads to a 
considerable blue-shift of the major absorption. As 
in chlorophylls, this has been related to excitonic 
coupling in the aggregates formed by the poorly 
water-soluble carotenoids, but here the arrangement 
is such that most of the oscillator strength is 
transferred to the high-energy band. Excitonic 
coupling of carotenoids is not well documented in 
photosynthetic complexes, with the notable exception 
of the peridinin-chlorophyll protein (Koka and Song, 
1977; Hofmann et al., 1996; see also chapter 1 1). 

b. The Sq Transition 

The position of the forbidden Sj state (2Ag) and the 
involvement of this state in excited-state dynamics 
are of considerable interest in the photobiology of 
carotenoids and have been reviewed recently by 
Christensen (1999). Connecting two molecular 
orbitals of similar symmetry is forbidden for one- 
photon excitation, but allowed for (simultaneous) 
two-photon excitation, as was recognized some 30 
years ago by Hudson and Kohler (1972), Schulten 
and Karplus (1972) and Granville et al. (1970) for 
short-chain conjugated polyenes. Due to experimental 
difficulties with the longer-chain carotenoids, most 
current estimates of the position and properties of 
the forbidden Sj -state rely on extrapolations from 
fluorescence studies on shorter carotenoids (see for 
example Gillbro et al., 1993). Direct observations by 
Raman excitation and fluorescence spectroscopy 
(Fujii et al, 1998, 2001b), and even by conventional 



single-photon absorption spectroscopy (Mimuro et 
al., 1993; Fujii, 2001b; Polivka et al., 2001) have 
been reported more recently. These studies place the 
Sj-energy of jS,/3-carotene, for example, at 690 nm, 
which is very close to the Sj-energy of chlorophyll a. 
Energy transfer between carotenoids and chlorophylls 
is therefore possible in either direction, particularly 
if one considers possible energetic shifts of the 
chromophores in response to their environment, and 
the possibility of limited uphill energy transfer 
utilizing thermal energy. However, energy transfer 
also relies on selection rules, which inhibit dipolar 
energy-transfer mechanisms like Forster transfer for 
weak transitions (Chapter 3 , Parson). For this reason, 
and because of the short lifetimes of carotenoid 
excited states, electron exchange has been discussed 
as the major energy transfer mechanism. This 
assumption may need reconsideration in view of 
mixing between the excited states. Moderate 
transition dipole moments (10-30% of that of the 
allowed Sq — > S 2 transition) have recently been 
determined for the Sq Sj (1 A~ — > 2Ap transition 
and the newly discovered 1A“ — > 1B“ transition 
(Fujii et al., 2001b). Together with a careful balancing 
of a favorable transition overlap among the various 
carotenoid and chlorophyll excited states, this could 
provide efficient energy-transfer pathways by dipolar 
coupling. The structural diversity of carotenoids also 
could be used to optimize this process. 

The situation is complicated further by the 
extremely rapid radiationless deexcitation of most 
carotenoids, not only from S 2 to but also from Sj 
to Sq. As in the biliproteins, the reason for this rapid 
deexcitation is most likely the conformational 
flexibility of carotenoids. Koyama and coworkers 
have evaluated vibronic coupling between C=C 
stretching modes quantitatively as a major deexci- 
tation pathway (Nagae et al., 2000). The rapid decay 
from Sj to the ground state combines with the 
forbidden nature of the radiative S^-^Sq transition to 
make fluorescence from Sj very weak. Sj Sq 
fluorescence can be obscured by S 2 — > fluorescence, 
by Raman lines of the solvent, and by the emission of 
impurities. Positive identification of carotenoid S, 
fluorescence therefore requires very sensitive, time 
resolved techniques and careful controls. Moderately 
long-lived Sj excited states have been found recently 
in carotenoids with conjugated carbonyl groups, 
particularly in unpolar to moderately polar environ- 
ments (Frank et al., 2000a). This might account for 
the selection of two such pigments, fucoxanthin 
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(Tf < 70 ps) and peridinin (r^ <165 ps), as the most 
abundant and ecophysiologically important light- 
harvesting carotenoids. However, even carotenoids 
that have very short Sj lifetimes in solution can 
transfer energy efficiently in some settings. For 
example, lycopene, spheroidene and neurosporene 
all transfer energy from their states rapidly to 
BChl when they are reconstituted in LH2 complexes, 
apparently because mixing of the 2A~ and IB;!; 
configurations in the state gives the Sj — > Sq 
transition a significant dipole strength (Zhang et al., 
2000 ). 

The configurational space is of carotenoids is 
further increased by the formation of double-bond 
(Z/E = cis/trans) isomers. In solution, isomerization 
is a light-induced reaction, and a common triplet 
state has been identified for several of the isomers of 
j8,jS-carotene (Kuki et al., 1991; see Koyama and 
Fujii, 1999 for a recent review). The conformational 
space is somewhat restricted in caroteno-proteins. 
Here, the all-/ra/ 2 .s'-isomers are by far the most 
abundant in antennas, and most of the cA-isomers 
found upon extraction are likely artifacts. However, 
some cA-isomers are of particular importance: i) the 
biosynthesis of all C^Q-carotenoids proceeds via cis- 
phytoene, which is isomerized on the way to carotene, 
ii) 9-cw-neoxanthin is a widespread antenna pigment 
in eukaryotes and an indispensable component of 
LHCII. iii) 15,15'-cA isomers have been identified 
in type II RCs from purple bacteria (DeGroot et al., 
1992; Lancaster et al., 1995; Ohashi et al., 1996) , 
and five c A-carotenoids have been identified recently 
in a high-resolution structure of PS I, including even 
di-cA-isomers (Jordan et al., 2000). Other isomers 
seem unrelated to photosynthetic pigment-protein 
complexes: Dunaliella, a halotolerant green alga, 
produces under stress large amounts of 9-cis-P,P- 
carotene, which probably act as an absorption shield 
(Ben-Amotz et al., 1988), and the II- and \3-cis- 
isomers of the carotenoid derived retinal are found in 
dark-adapted rhodopsins and bacteriorhodopsins, 
respectively, as well as in intermediates of the pump- 
cycle of the latter. Transient cis/trans isomerizations 
probably also play a role in the rapid deexcitation of 
carotenoid triplet states (see below). 

c. Triplet State 

An excited state of particular importance is the lowest 
triplet state (Tj or more correctly T^) of carotenoids. 
The direct excitation (Sq — > Tj) is forbidden and 



therefore too weak to observe, and the equally 
forbidden — > Tj relaxation is negligible due to the 
short Sj lifetime. Optical studies of the carotenoid Tj 
state therefore rely on energy transfer from a sensitizer 
such as BChl, or on an extrapolation from shorter 
polyenes. Such studies place the Tj energy of j8,/3- 
carotene at 1 3 80 nm or 7250 cm”^ , which is consistent 
with estimates from oxygen-quenching experiments 
(1266 nm, 7900 cm"^) (reviewed in Christensen, 
1999). This energy is close to and slightly below that 
of singlet oxygen (1274 nm, 7849 cm"^), allowing for 
triplet energy transfer from the latter to /3,j8-carotene 
and other carotenoids with comparably low excitation 
energy. Since the radiationless Tj S^ transition by 
ISC and IC occurs rapidly as a result of the conform- 
ational flexibility of carotenoids, this provides a safe 
means to deposit excess excitation energy as heat. 

IV. Analytics 

Photosynthesis is a basic metabolic process, and the 
qualitative and quantitative analysis of photosynthetic 
pigments is used for many purposes. On a global 
scale, chlorophyll is frequently used to estimate and 
characterize the productivity of biotopes or 
photosynthetic communities. In mixed populations, 
specific marker pigments allow for an analysis of the 
composition on a genus basis. In homogenous cul- 
tures, the pigment composition is an important 
parameter to characterize the physiological status of 
the organism. Chi a often is used as one reference 
(besides, e.g, dry weight or leaf area) for other 
metabolic parameters, and its fluorescence can even 
be measured on a single-cell basis. Last but not least, 
the analysis of pigment/protein ratios is important 
for characterizing isolated pigment/protein com- 
plexes. High-resolution structures are currently 
available only for small, uniform units (except for 
PS I, Jordan et al., 2000), and the numbers and types 
of subunits present in more complex assemblies are 
the subjects of much study. Although medium- to 
low-resolution structures are available for some 
additional light-harvesting complexes, the number 
of bound pigments often is not well known (see, e.g, 
the discussion of the size of the purple bacterial LH 1 
complex; Loach et al., 1970; Ueda et al., 1985; 
Karrasch et al., 1995; Zuber and Cogdell, 1995; 
Francia et al., 1999; Jungas et al., 2000; Fiedor et al., 
2000, 2001; Qian et al., 2000; Chapter 5, Cogdell 
et al.). 
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A. Extraction 

With few exceptions, notably of remote sensing, the 
first step in quantitative analyses of photosynthetic 
pigments is their extraction from the tissue or the 
isolated complexes. This is necessary because their 
properties can be profoundly changed by interactions 
with the apoproteins and/or neighboring pigments. 
Debatably, the extraction is probably the most critical 
step in the analysis. Only a few complications will be 
mentioned here. 

While most chlorophylls and carotenoids are 
hydrophobic pigments and are soluble in nonpolar 
solvents, extracting them from biological materials 
requires solvents that are miscible with water to 
avoid inclusion of the pigments in protein precipitates 
and/or at the solvent-water interface. Some of the 
very nonpolar pigments can be extracted only after a 
preceding dehydration with a more polar solvent, or 
by repeated extraction. However, there is also an 
increasing number of chlorophylls (most of the c-type. 
Section II. A. 1 .a) and carotenoids (e.g. the glycosidic 
or sulfonated ones. Section II.C.3.a) that are quite 
polar and are only poorly soluble in nonpolar solvents. 

Some organisms require extraction conditions that 
alter the pigments. In this case it may be best to 
ensure the complete and uniform conversion to a 
desired product. Examples are the conversion to 
rhodochlorins for the analysis of recalcitrant algae 
(Porra, 1990), and the pheophytinization of 
chlorophylls (removal of Mg) with acid. The 
pheophytins are less susceptible to degradation; it 
should be noted, however, that epoxidized carotenoids 
can be hydrolyzed under these conditions. 

Obviously, the choice of solvent depends on the 
material to be extracted and the pigments to be 
analyzed. Jeffrey et al ( 1 997) have listed the following 
criteria for solvents to be used under field conditions 
including on-board analysis on ships: 1 : completeness 
of extraction, 2: absence of degradation and artifact 
production, 3: compatibility with the subsequent 
analysis (spectroscopy or chromatography), 4: pre- 
cision (and dynamic range), 5: simplicity of the 
protocol, and 6: safety of the operator and the environ- 
ment. The last two criteria are somewhat less stringent 
in laboratory as compared to field conditions. For 
marine phytoplankton, which contains many different 
pigments and some recalcitrant organisms, Wright et 
al. (1997) recommend sonication in dimethyl- 
formamide as meeting all these criteria except safety. 
Acetone, methanol or mixtures thereof are sufficient 



for many purposes but are highly flammable, and 
methanol is not only toxic by itself, but renders the 
skin penetrable for many other materials including 
toxins. 

Once the pigments are extracted, they should be 
analyzed immediately thereafter, and at least (after 
careful checks to ensure stability) on the same day. 
Two major methods are available for this analysis, 
spectroscopy (absorption or, in the case of chloro- 
phylls, fluorescence) and chromatography. Spectros- 
copy is more rapid, but it requires knowledge of all 
pigments present in the sample and absorbing (or 
fluorescing) in the pertinent wavelength range, while 
chromatography is the more demanding but also 
more powerful technique. HPLC with modem diode- 
array detectors combines the advantages of both 
techniques. 

B. Spectroscopic Analysis 

Formulas for quantitation of the pigments in a given 
solvent system often are developed in connection 
with a specific extraction protocol, and can be selected 
for diverse purposes. All spectroscopic methods have 
in common that the require the knowledge of all 
pigments present. Any contamination by pigments 
absorbing (or fluorescing) in the same spectral range 
will lead to more or less severe errors. These can be 
pigments from contaminating organisms, or 
artifactual products that arise during extraction and 
handling of the pigments to be analyzed. Leading 
references can be found for the analysis of 
bacteriochlorophylls in a review by Oelze ( 1 985), for 
the analysis of phytoplankton pigments in a book by 
Jeffrey et al. (1997) and a review by Porra (1991), 
and for the analysis of plant chlorophylls in reviews 
by Strain and Svec (1966), Svec (1991) and Scheer 
(1988). Some of the spectroscopic methods include 
carotenoids, but their analysis is much more 
complicated, due to their large number and their 
wide distribution, including non-photosynthetic 
organisms. Important factors to consider are: 

1 . Most of the chlorophylls have major absorptions 
in spectral regions where few other pigments 
absorb. In these cases there is little interference 
from contaminants. However, many of the 
degradation products that can arise during storage 
or improper work-up also absorb in this region 
(Hyvarinen, 2000) gives a good compilation of 
these degradation products. Some of the degra- 
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dation products that are readily formed from 
chlorophyll have absorption spectra very similar 
to those of the parent pigments, and they can not 
be distinguished satisfactorily by spectroscopy 
using only a small number of wavelengths (Svec, 
1991). Attention also has to be paid to precursors 
(Rudiger and Schoch, 1991; Shioi and Beale, 1987). 

2. While the number of photosynthetic pigments 
in healthy plants is relatively limited, it has recently 
been shown that heavy metals can be incorporated 
into the chlorophyll macrocycle in polluted areas, 
and also during extraction and workup (Kiipper et 
al., 1996, 1998). A fairly flexible spectral 
deconvolution method has been developed for the 
analysis of such pigments based on defining a set 
of Gaussians that describe the spectra of the 
individual pigments (Kupper et al., 2000). 

3. In principle, spectroscopic analysis of hetero- 
genous materials will fail if unaccounted pigments 
are present. This is particularly critical for non- 
axenic or symbiontic cultures, and in physiological 
studies of complex exosystems. 

The analysis of biliprotein chromophores by 
spectroscopy alone is impractical because of the 
extreme spectral changes brought about by the 
apoproteins (Fig. 6c), and the chameleon-like spectral 
changes of bilins with the environmental conditions. 
However, the chromophore analysis of cyanobacteria, 
rhodophytes and glaucophytes is simplified by the 
small number of known chromophore structures, 
provided that interactions with the apoprotein are 
removed by denaturation under carefully controlled 
conditions prior to the analysis. Glazer and coworkers 
have determined the extinction coefficients of the 
four cyanobacterial chromophores (PCB, PEB, PVB 
and PUB) in 8M urea at pH 1 .9 (Glazer and Hixson, 
1975; Klotz and Glazer, 1985; Bishop et al., 1987; 
Table 2), from which Schluchter and Bryant (2001) 
have derived a matrix that can be used for 
simultaneous assessment of these four phycobilins. 
The acid conditions stabilize the chromophores 
because many bilins are very labile and are rapidly 
oxidized under neutral and alkaline conditions, 
particularly in the presence of traces of heavy metals 
(ScheerandKrauss, 1977;KraussandScheer, 1979). 
At the same time, the protonated chromophores have 
higher extinction coefficients and narrower spectra 
than the free bases (Fig. 6c). 



C. Chromatography 

Whenever there is doubt about the components 
present, or whenever verification of the spectroscopic 
results is required, the method of choice is HPLC in 
combination with a multi-channel detection system 
such as a diode-array. A large variety of chroma- 
tographic systems is available for chlorophylls 
(Scheer, 1988; Jeffrey et al., 1997, 1999; Shioi, 
1991; Zapata et al., 2000) and carotenoids (Davies 
and Kost, 1988; Bernhard, 1995; Britton, 1995b, 
Britton and Riesen, 1995;Hauganetal., 1995;Liaaen- 
Jensen and Hertzberg, 1995; Meyer et al., 1995; 
Pfander, 1995; Pfander and Niggli, 1995; Pfander 
and Riesen, 1995; Schiedt, 1995; Schierle et al., 
1995; Takaichi, 2000). An HPLC method also has 
been developed for biliproteins (Swanson and Glazer, 
1990). 

Reverse-phases have for a long time been the 
HPLC material of choice. They give best resolution 
with most carotenoids. They also have been widely 
used for chlorophylls, in spite of an unfavorable 
resolving power as compared to silica, because they 
are less prone to artifact formation. Kobayashi et al. 
(1988) have shown, however, that HPLC on silica is 
suitable for chlorophylls including the 13^-epimers 
under appropriate conditions. For chlorophylls 
differing in their esterifying alcohols at C- 1 7^ reverse 
phase materials are still the method of choice (Caple 
etal, 1978; Schoch etal., 1978; Steiner etal., 1981; 
Shioi and Beale, 1987). Polyethylene also has proven 
suitable for the separation of chlorophylls containing 
free acids, such as Chls Cj and C 2 , which differ only by 
a double bond in the C-8 substituent (Fig. 1 c) (Jeffrey 
et al, 1999). All the aforementioned precautions to 
prevent artifactual modifications have to be 
maintained throughout the workup, storage and 
chromatography. In the author’s hands, storage is 
very critical and it is advisable, whenever possible, 
to perform the chromatography immediately after 
the extraction. 



V. Pigment Substitution Methods 

The structural characterization of many photo- 
synthetic pigment-protein complexes has set the stage 
for functional characterization on a molecular basis. 
These functions, light absorption, energy transfer, 
charge separation, electron transfer, and dissipation 
of excess energy, occur on time scales that are more 
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Table 4. Examples of the incorporation of modified pigments into pigment-protein complexes 



Complex 


Exchangeable pigments 


Leading references 


Anoxygenic bacteria 


Reaction center 


BChl-BA^BChl-Bg, BPhe- 
BPhe-H^, carotenoids 


Scheer and Struck, 1993; Struck and 
Scheer, 1990; Scheer and Hartwich, 1995; 
Shkuropatov and Shuvalov, 1993; Frank, 1999 


LHl -antenna 


BChl-B870 


Ghosh et al, 1988; Miller et ah, 1987; 
Loach and Parkes-Loach, 1995; Lapouge 
et al, 2000; Fiedor et ah, 2001 


LH2-antenna 


BChl-BSOO 


Clayton and Clayton, 1981; Bandilla et ah, 
1998; Desamero et al, 1998; Fraser et al, 
1999; Frank et al, 1996; Frank, 1999 


LH2-antenna 


BChl-B850, B800 


Fiedor and Scheer, unpublished 


Oxygenic photosynthesis 


PS II-RC 


Chi a, Phe a 


Gall et ah, 1998; Shkuropatov et al, in press, 
Kennis et ah, 1997 


Green LHCII-antenna 


Chi a, Chi 6, Carotenoids 


Plumley and Schmidt, 1987; Paulsen, 
1999; Paulsen, 1995; Croce et al, 2000 


Rhodophytan LHC 


Chi a, zeaxanthin 


Grabowski et al, 2001 


LHCI-antenna 


Chi a. Carotenoids 


Schmid et al, 1997 


Peridinin-Chl-Protein 


Chi a, Peridinin 


Hiller et ah, unpublished 


Cytochrome 


Chl^z 


Pierre et al, 1997 


Biliproteins 


PCB, PEB, PVB, P_B 


Fairchild et al., 1992; Arciero et al, 
1988a, Schluchter and Glazer, 1999; 
Zhao et al., 2000; Elich and Lagarias, 
1989; Remberg et ah, 1998 



rapid than fast enzymatic reactions and reach the 
lower end of the timescale of molecular vibrations. 
They therefore have to be studied by rapid time- 
resolved or high-resolution spectroscopic methods 
supplemented by biochemical methods. 

Parametric changes of certain chromophore redox 
potentials or absorption energies are particularly 
valuable tools for such an analysis. They can be 
brought about by a variety of methods, by which 
either the chromophores or the protein environments 
are modified so as to change only the target property 
with relatively little effect on the structure or other 
properties that could interfere with the analysis. 
Over the past 15 years, three such methods have 
proven particularly useful. Modifications of the 
chromophores’ biosynthetic pathways have been most 
useful for the carotenoids (see Hunter et al. (1994) 
and Sandmann and Scheer (1998) for leading 
references). Site-directed mutagenesis of the 
chromophore binding pocket has been used to 
exchange pheophytins for chlorophylls or vice versa 
by removing or introducing amino acids capable of 
ligating the central Mg or allowing it to carry into the 
pocket a small ligand like water (Coleman and Youvan, 
1990; Frank et al., 1993). Mutations of amino acids 
interacting with the peripheral gropus have proven 



particularly valuable for changing the redox potential 
of chlorophylls and their absorption spectra (Fowler 
et al., 1994; Ivancich et al., 1998; Nabedryk et al, 
1998). 

An alternative approach is the introduction of 
chemically modified chromophores, either by 
reconstitution or by exchange of chromophores. 
Methods are available for all three chromophore 
classes, although most work has been done with 
carotenoids and chlorophylls (Table 4). The work on 
chlorophylls (Scheer and Struck, 1993; Scheer and 
Hartwich, 1995) and carotenoids (Frank, 1999) has 
been reviewed. 

Modified pigments can be either of natural origin, 
or obtained by chemical modification of natural 
pigments (Fig. 10). Total syntheses have been used 
with bilin chromophores (Foerstendorf et al., 2000; 
Inomata et al., 2000), while chlorophylls have mainly 
been obtained by chemical modifications (Scheer 
and Struck, 1993; Scheer and Hartwich, 1995; Schoch 
et al., 1995), and carotenoids usually are obtained 
from the large number of biological sources, or by 
inhibition of defined biosynthesis steps. 

Photosynthetic complexes with modified chromo- 
phores have found widespread applications. Leading 
examples are given in Table 5 and the aforementioned 
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Table 5. Adjustable properties of chromophores, and examples of their use in studying photosynthetic pigment-protein complexes 



Adjustable property 


As probe for: 


References 


Excited state energy 


Energy transfer (singlet and triplet) 
Excitonic coupling of chromophores 
Band assignments 


Herek et al, 2000; Farhoosh et al., 1997 
Struck et al., 1990 
Hartwich et al., 1995 


Redox potentials 


Electron transfer 
Creation of trapping sites 


Sporlein et al., 2000; Friese et al., 1995 


Excited state dynamics 


Energy transfer 

Creation of unusual excited states 


Fiedor et al., 2000;Fiedor et al., 2001;Fiedor et 
al.,2001 


Functional groups 


Interactions (pigment-pigment and pigment-protein) 
Redox potentials 


Sporlein et al., 2000 


Isotope composition 


Labeling 

Assignments (NMR, vibrational and X-ray spectra, 

neutron scattering 

Biosynthesis 


Egorova-Zachemyuk et al., 1997 
Porra et al., 1998 





Fig. 10. Useful modifications of chlorophylls and phycobilin chromophores. The accessible functional groups are circled. Variations of 
these groups are found among the various natural pigments, or can be obtained by chemical or biosynthetic modification. 



reviews. In addition, the native chromophores have 
been used as probes, either intrinsic or extrinsic, for 
many purposes. Thus, the phycobiliproteins have 
been used as convenient markers in the development 
of many separation techniques and for cell-sorting 
and surface mapping. 
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Summary 

This chapter describes the main techniques of optical spectroscopy that are used to study the structure and 
operation of photosynthetic antenna systems. We outline the physical basis of optical absorption, fluorescence, 
linear and circular dichroism, exciton interactions and resonance energy transfer, and indicate the types of 
information that measurements of these phenomena can provide. 



I. Introduction 

This chapter provides an introduction to the basic 
concepts of optical spectroscopy, with an emphasis 
on applications to photosynthetic antenna systems. 
Our goal is to fill in the physical background for the 
many spectroscopic experiments that are described 
in the other chapters of this book. To help the reader 
extract information on a particular topic as efficiently 
as possible, we have arranged the topics alphabetically 
in independent modules rather than in a pedagogical 
sequence. Cross-references to other modules are 
indicated with special type, as in ‘Dipole Strength.’ 
Readers who would like to follow a more orderly 
path might begin by reading the sections on Absorption 
Coefficient, Electromagnetic Radiation, and Fluores- 
cence Yield and Lifetime, which describe the basic 
phenomena of optical absorption and emission. These 
sections could be followed by Dipole Strength, 
Transition Dipoles, Linear Dichroism and Fluorescence 
Anisotropy, Spectral Bandshapes and Dynamics, and 
Infrared Spectroscopy for more detailed discussions 
of absorption, and by Spontaneous Fluorescence for 
more on fluorescence. The sections on Excitons and 
Resonance Energy Transfer describe how inter- 
molecular interactions affect the absorption spectra 



Abbreviations: Q^, Qy - characteristic absorption bands of 

chlorophylls and pheophytins; CD - circular dichroism; CT - 
charge-transfer; FTIR - Fourier transform infrared; HOMO - 
highest occupied molecular orbital; IR - infrared; LD - linear 
dichroism; LUMO - lowest unoccupied molecular orbital 



of dimers and higher oligomers and allow energy to 
move from one molecule to another. The discussions 
of Wavefunctions, Charge-Transfer Transitions, 
Configuration Interactions, Internal Conversion, and 
Singlet and Triplet States fill in additional details. 
Finally, Circular Dichroism, Time-resolved Spectroscopy 
and Raman Scattering describe specialized types of 
optical spectroscopy that are particularly useful for 
studying antenna complexes. 

The spectroscopic phenomena of absorption and 
emission of light are rooted firmly in quantum 
mechanics, and because the language of quantum 
mechanics is mathematical, explanations of these 
phenomena can look intimidating to readers who 
have only a passing interest in math. We have tried to 
make our descriptions accessible to such readers. We 
assume that the reader is familiar with the general 
notions of derivatives, integrals and complex 
numbers, but is not (at least for the moment) interested 
in the details of solving differential or Integral 
equations. We therefore present some of the important 
results with only brief explanations of their origins. 
Detailed information on most of these topics is 
available in several books on spectroscopy (Mataga 
and Kubota, 1970; Struve, 1989; Lippert and 
Macomber, 1995; Sauer, 1995; Amesz and Hoff, 
1 996; McHale, 1 999) and general texts on molecular 
quantum mechanics (Atkins, 1 993 ; Schatz and Ratner, 
1993; Levine, 1999). 

Table 1 lists the commonly used symbols for 
physical constants and parameters. Section XIII pro- 
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Table 1. Common Physical Constants and Parameters 



Constant 


Symbol 


Value 


Avogadro’s number 




6.022 X 10“ mol-' 


Boltzmann’s constant 


ka 


1,381 X 10-“ joule K-' 


Planck’s constant 


ft 


6,63 X 10-3'* joules 


fl/llT 


fl 


1,05 X 10-3^ joules 


Speed of light in a vacuum 


c 


3 X 10^ m s“i 


Parameter 


Symbol 


Common Units 


Frequency 


V 


s“i (Hz) 


Refractive index 


n 


dimensionless 


Temperature 


T 


K 


Wavelength 


A 


cm 


Wavenumber (1/A) 


V 


cm“i 


Electricfield 


E 


volt cm"i or dyne esu"i 


Magnetic field 


"b 


gauss (oersted) 



vides some mathematical background on vectors, 
operators and eigenfunctions, and explains the 
nomenclature that is used throughout the chapter. 

II. Absorption Coefficient 

The strength of light passing through a sample 
decreases progressively because of absorption. The 
decrease in light intensity, or irradiance, over the 
course of a small volume element of the solution is 
proportional to the irradiance of the light entering 
the element (/), the concentration of absorbing 
molecules (C), and the thickness of the element {d[): 

dl^-ICdC 

By integrating this expression, we find that if light 
with irradiance is incident on a cell of length f, the 
irradiance of the transmitted light will be 

1 = 1, I, 

where A is the absorbance or optical density of the 
sample {A = eCt) and e is a molecular property 
called the molar extinction coefficient or molar 
absorption coefficient. This is a statement of the 
Beer-Lambert law. The absorbance is a dimensionless 
quantity, so if C is given in units of molarity (M) and 
[ is in cm, e has units of M"’-cm"’. The absorption 



coefficient (e) depends strongly on the wavelength 
of the light, making also a function of wavelength. 

The percent of the incident light that is absorbed 
by the sample is 100-(/^-/)//^= 100*(1 - 10“^), which 
is proportional to ^ if ^ « 1 . A sample with an 
absorbance of 2 at a particular wavelength thus 
absorbs 99% of the incident light at that wavelength. 

When a molecule absorbs light, it removes energy 
from the radiation field. The basic rule for absorption 
is that the difference between the energy of the 
excited state (E^) and the energy of the resting, or 
ground, state {E^ must equal the product of Planck’s 
constant {fi) and the frequency of the light {v)\ 

tsE = E^-E^ = hv 

Given an excited state with an appropriate energy, 
e is proportional to the dipole strength of the transition, 
which depends on the shapes of the molecular 
wavefunctions for the ground and excited states. The 
absorption spectrum of a molecule thus can provide 
information on the molecular structure, as well as on 
the energies of the molecule’s excited states. 

Absorption sometimes is expressed as the 
absorption cross-section a, which is given by: 

o-= 3.817 X 10-21 6cm2/(M-i cm-i). 

If the irradiance incident on a thin sample is 
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given in photons-cm“^*s~^ a molecule with an 
absorption cross section a cm^ will be excited 
times per second. The rate of excitation is independent 
of the concentration of absorbing molecules in the 
sample, as long as the sample is sufficiently thin or 
dilute so that ///^ ~ 1 (i.e., A « 1). 

If a sample contains a mixture of different pigments, 
the absorbance of each component is independent of 
the nature and concentrations of the other components 
and the total absorbance is the sum of the absorbances 
of the individual components: A=A^+A 2 +.... This 
is important because it allows us to use changes in 
the total absorbance to measure changes in the 
concentration of an individual component in a 
complex system. 

The absorbance of proteins in the near-ultraviolet 
region of the spectrum is due mainly to tyrosine, 
tryptophan and phenylalanine residues. An individual 
absorbing moiety such as the macrocyclic ring of a 
chlorophyll molecule or the side chain of a tryptophan 
residue is referred to as a chromophore. 

III. Charge-Transfer Transitions 

Charge-transfer (CT) absorption bands represent 
transitions in which an electron moves from one 
molecule to another. Because transfer of an electron 
requires overlap of the two molecular orbitals, CT 
bands usually are much weaker than the absorption 
bands associated with intramolecular excitations. 
Their dipole strengths typically are less than one 
debyel CT bands also tend to be very broad, because 
the energy of the polar CT state can vary widely for 
molecules with slightly different configurations or 
environments. However, some CT absorption bands 
provide useful measures of macromolecular structure. 
Cytochrome c, for example, has a broad CT band 
near 700 nm that represents movement of an electron 
to the heme Fe from the methionine axial ligand; 
structural changes that separate the methionine from 
the heme cause the CT band to disappear. 

CT transitions can mix with intramolecular 
excitations in photosynthetic reaction centers, and 
probably do so in some antenna complexes. The 



lowest excited singlet state of a closely spaced 
bacteriochlorophyll or chlorophyll dimer such as the 
special pair of bacteriochlorophylls in the reaction 
center of purple bacteria thus can consist of a mixture 
of CT and intramolecular transitions. If the ‘pure’ 
CT lies above the intramolecular excited state in 
energy, this mixing will lower the energy of the 
mixed state (Parson and Warshel, 1987; Warshel and 
Parson, 1987; Zhou and Boxer, 1998). 

Because a CT transition can result in a substantial 
change in the dipole moment of a molecule, the 
energy difference between the ground and excited 
states depends on the local electric fields acting on 
the molecule. An external electric field can shift the 
absorption band to higher or lower energies, 
depending on how the molecule is oriented with 
respect to the field. This is the Stark effect. If the 
molecules in a sample are randomly oriented with 
respect to the external field, the field will shift the 
transitions of some of the molecules to higher 
energies, and those of other molecules to lower 
energies. The result will be a broadening of the 
absorption band. Stark effects are seen with other 
types of absorption bands as well, and sometimes 
reflect changes in polarizability rather than changes 
in dipole moment, but they can be particularly strong 
in transitions that include large CT components 
(Bublitz and Boxer, 1997). In addition to photo- 
synthetic reaction centers (Zhou and Boxer, 1 998a,b), 
the bacterial LHl complex and some of the 
components of Photosystem I show strong Stark 
effects (Beekman et al., 1997; Hayes et al., 2000; 
Ratsep et al., 2000). 

IV. Circular Dichroism 

Many natural materials exhibit differences between 
their absorbance of left- and right-circularly polarized 
light. (See Electromagnetic Radiation for an explan- 
ation of circularly polarized light.) Such molecules 
are said to be optically active, and the difference 
between their absorbance of light with left- and 
right-circular polarization is called circular dichroism 
(CD). Circular dichroism provides information on 
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the asymmetry of the ehromophore. It is widely used 
as a measure of secondary structure in macro- 
molecules and for investigating the architecture of 
multimolecular complexes (Nakanishi et ah, 1994; 
Ramsay and Eftink, 1994; Sosnick et ah, 2000). 
Because the effect is relatively small (typically about 
1 part in 10"^), CD usually is measured with a 
spectrometer that includes an electro-optic modulator 
for switching the measuring beam rapidly back and 
forth between right- and left-circular polarization. A 
phase- and frequency-sensitive amplifier is used to 
extract the small oscillatory component of the 
transmitted light. 

The difference between a molecule’s dipole 
strengths for left- and right-circularly polarized light 
is characterized by the rotational strength of an 
absorption band: 






3000 //t lO^c r Ae 



■dv 



c As 

<2ASn\ — dv (debye Bohr magnetons)/(M“ 
J V 






where 9{_is Avogadro’s number, Ae is the difference 
between the molar extinction coefficients for left and 
right circularly polarized light e^) in units of 
cm~^ p is the frequency and n is the refractive index. 
Unlike the dipole strength, Si can be either positive 
or negative. Rotational strengths commonly are 
expressed in debye-Bohr magnetons per unit molarity 
and path length. A debye is a unit of electrical dipole 
and is 10~^^ esu-cm (see Dipole Strength). A Bohr- 
magneton {-Qhllm) is a unit of magnetic dipole and 
is 9.274 X 10“^’ esu-cm. One debye-Bohr magneton 
therefore is 9.274 X 10“^^ esu^*cml 

Another technique for measuring CD makes use 
of the fact that linear polarization consists of a 
coherent superposition of left- and right-circular 
polarization (see Electromagnetic Radiation). If a beam 
of linearly polarized light passes through a sample 
that has different absorbances for left- and right- 
circularly polarized light, the balance of the two 



polarizations will be upset and the transmitted beam 
will emerge with elliptical polarization. Early CD 
spectrometers measured this effect. Although most 
modern instruments use the polarization-modulation 
technique described above, CD still is sometimes 
reported in terms of the molar ellipticity, 0^, in units 
of degreeS'M"^cm“^ or degrees moE^-em^. The 
relationship between 0^ and is 

0^=(18O° X 100 lnl0/4;r)A6 = 3300° A6. 

Circular dichroism results from eoupled inter- 
actions of electrons with the eleetric and magnetic 
fields of light. The interactions with the electric field 
are diseussed in several sections of this chapter (see 
Transition Dipole, Linear Dichroism and Fluorescence 
Anisotropy, and Fluorescence Yield and Lifetime). They 
depend on the dot produet of the oscillating electric 
field (E) with the molecule’s electric transition dipole 
(/2). Interactions with the magnetic field depend 
similarly on the dot product of the oseillating magnetic 
field (B) with a molecule’s magnetic transition dipole 
{m). Orbital motions of eleetrons in a molecule can 
give rise to a magnetic field just as an electrie current 
passing through a coil of wire generates a magnetic 
field parallel to the axis of the eoil, and the magnetic 
transition dipole refleets such induced magnetic fields. 
The magnetic transition dipole of a molecule can be 
calculated theoretically from the molecular orbitals 
(Warshel and Parson, 1987) or can be caleulated 
from fx as described below. For a molecule with a 
planar ;r-electron system, motions of the electrons in 
this plane generate a magnetic dipole normal to the 
plane. 

The interaction of m with the magnetic field of 
light {~m*B) usually is much weaker than the 
interaetion of p with the electrie field (-p*B). 
There are, however, situations in which the molecular 
symmetry makes -p*E zero but allows weak 
absorption due to -m *B . This is the case for the 'n- 
transition of a earbonyl group, in which an 
electron moves from a nonbonding (n) orbital of the 
oxygen atom to a ;r* (antibonding) molecular orbital. 
In Other cases, a small contribution from -fh* B to 
the absorption can either augment or oppose the 
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contribution frorn-/!*^, depending on whether 
the light has left- or right-circular polarization. The 
molecule then will exhibit CD. 

For a molecule to absorb left- and right- circularly 
polarized light differently, it must be chiral, which 
means that the molecule has no plane of symmetry or 
center of inversion and so cannot be superimposed 
on its mirror image. Mathematically, what is necessary 
in order for a chromophore to exhibit CD is for 
m* /i , the dot product of m and /i , to be nonzero. 
The rotational strength is given by 

Si = -Im{ m • jH}, 

where Im{...} means the imaginary part of the 
quantity in braces. (For a complex number a = b + ic, 
Im{a} = c,) In the expression for Si, is real but in 
is imaginary; the product m* ju therefore is imaginary. 
lm{ in* jl} is a real quantity, as it must be if Si is 
measurable. 

CD measurements can provide information on the 
arrangement and interactions of the individual 
chromophores in dimers or higher oligomers. 
Consider a complex of two similar molecules with 
ground-state wavefunctions and and excited- 
state wavefunctions and As discussed in 
Excitons, the dimer will have two excited singlet 
states that can be described by linear combinations 
of the individual excitations: 

The coefficients (C.) depend on the nature of the 
individual molecules and the geometry of the 
complex. In this representation, the electric and 
magnetic transition dipoles for the absorption bands 
of the dimer {jl± and fh±) are linear combinations of 
the transition dipoles for the individual molecules 
'”aand wj; 

± Q/ib 

fh^ =C^fh^ ± €2^7%. 



To evaluate the rotational strengths of the 
absorption bands of the dimer, we need the dot 
products of the magnetic and electronic transition 
dipoles. For excitation to we have 

= Im[m^ • Ma } - Cl Im[in^ • fit , } 

- C, C 2 • /ij } - C, Q } 

= ClX + Clml - C,C, Im{m^ fi,}. 

The first two terms in this expression are just the 
intrinsic rotational strengths of the individual 
molecules and weighted by the relative 
contributions that these molecules make to the 
excitation (Cj^ and €2^). The third term represents 
coupled interactions of the two molecules with the 
magnetic and electric fields. 

Similarly, the rotational strength for excitation of 
the dimer to its other excited state is 

91 . = Clfnl + + CiQ /m{m„ • /i* + w* • . 

Again, the first two terms represent the intrinsic 
rotational strengths of the individual molecules, while 
the third term comes from coupled interactions of 
the dimer with the magnetic and electric fields. 

In some cases, • /I^| or • ju^j can be much 
larger than • /i^| or|m^ so that the dimer’s 
absorption bands have much larger rotational 
strengths than the corresponding bands of the 
individual molecules. This is particularly true for 
planar molecules. As we noted above, the magnetic 
transition dipole of such a molecule is normal to the 
molecular plane; the electric transition dipole, 
however, must lie in this plane. The magnetic and 
transition dipoles of a planar molecule thus are 
perpendicular to each other, making their dot product 
zero. This is in accord with the fact that a molecule 
with a plane of symmetry cannot be chiral. In a 
dimer, by contrast, could have almost any 
orientation with respect to , and could have 
almost any orientation with respect to so the dot 
products and generally will not be 

zero. 
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Note that the term C 1 C 2 Im^fh^ • • A^a} 

enters with opposite sign in the expressions for 
and If this term makes the dominant contributions 

to the rotational strengths, and will, accordingly, 
be equal in magnitude but opposite in sign. The 
resulting CD spectrum is said to be conservative 
(Fig. 1). Many photosynthetic bacterial antenna 
complexes have nearly conservative CD spectra in 
the long-wavelength region associated with the Qy 
transitions of the bacteriochlorophylls. However, the 
spectra can be complicated by mixing with the higher- 
energy and Soret transitions (see Configuration 
Interactions and Scherz and Parson, 1 984). This mixing 
can shift either positive or negative rotational strength 
from the higher-energy region to the Qy region or 
vice versa. 

The rotational strength of an oligomer’s absorption 
band can be related to the geometry of the complex 
and the dipole strengths of the individual molecules. 
For this purpose, it is not necessary to calculate the 
magnetic transition dipoles from the molecular 
orbitals. Instead, we can obtain them from the electric 
dipoles by using the expression 

Here ml is an intrinsic magnetic transition dipole of 
molecule a, which is independent of the location and 
orientation of the molecule, \ is the vector from the 
origin of the coordinate system to the center of the 
molecule, is the wavelength of the absorption 
band, again is the electric transition dipole, and X 
indicates a cross product. (See Mathematical Tools 
for a definition of the vector cross product.) This 
expression rests on basic quantum mechanical 
equivalences and is, in principle, exact. A similar 
expression holds for molecule b\ 

^0 n 

By expanding the term: 

+C,Q/m{m„ */2„} 




Wavenumber (cm 

Fig. 1. Calculated absorption {a) and circular dichroism {b) of a 
dimer of identical molecules. The dotted lines show the molar 
extinction coefficients (e) for the dimer’s two absorption bands 
{a) and the difference between the extinction coefficients for left- 
and right-handed circularly polarized light (€/- e^) {b). The solid 
lines show the overall absorption and CD spectra obtained by 
summing the contributions from the two bands. The absorption 
bands of the individual molecules were assumed to have no 
rotational strength and were given a Gaussian shape with an 
arbitrary width for illustration. 



in the expression for 91+ or and using some vector 
algebra, we find that the coupled interactions of the 
dimer with the magnetic and electric fields make 9^+ 
and 91_ dependent on the relative positions of the two 
molecules. Here are the results for the case that = 
A, = A: 

- C,C, Im{ml • h, + < • 

+[c,C^n/ 

= Cl% + + C,C, Im[ml • fl, + ml • 

where is the vector from the center of molecule 

a to the center of b {Rta=^b~K\ these 
expressions, the first two terms on the right again are 
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the weighted rotational strengths of the individual 
molecules. The next term, 

+C, Cj /m|m> /i* + m® •/!„}, 

represents interactions of the electric transition dipole 
of one molecule with the intrinsic magnetic transition 
dipole of the other molecule ( fhl or ml). This term, 
like the first two, is relatively small in most of the 
cases of interest here. This leaves the final term, 
±(CjC27T ^ which is the most pertinent 

to photosynthetic antenna complexes because it 
depends strongly on the relative positions and 
orientations of the molecules that make up the 
complex. WeTl call this the ‘exciton contri- 
bution,’ . 

For a dimer of identical molecules, the coefficients 
Cj and C 2 are both 1 /4l (see Excitons). If and 
A are given in the same units (e.g.. A), then for such 
a dimer, 

(debye Bohr magnetons^ / debye ^ . 

Although we have developed the theory only for a 
dimer, the extension to larger systems is straight- 
forward. The magnetic and transition dipoles for an 
absorption band of an oligomer are obtained by 
summing the contributions of all the subunits as 
explained under Excitons, and the rotational strength 
is evaluated as the imaginary part of their dot product. 

Several qualitative results emerge from the 
expression for . First, note again that to the 
extent that dominates over the intrinsic rotational 

strengths of the individual molecules, the CD of the 
two exciton bands will be equal in magnitude and 
opposite in sign: . This is in contrast to 

the dipole strengths of the two bands, which are 
always positive but can differ substantially in 
magnitude (see Excitons). Second, because of the 
general properties of vector triple products such as 
Rba • both and ST’f will be zero if Rj ^^^ , 

and ju^ all lie in a plane, or if any two of these 
vectors are parallel to each other. This can make the 
CD of a dimer highly sensitive to changes in structure. 



Note that increases linearly with This 
may seem counter to intuition. We would expect any 
measurable effects of interactions between the 
molecules to disappear when the molecules are far 
apart. Indeed, the observed strengths of the CD 
bands do disappear at large values of because, 
although I then is large, the rotational strengths 
of the two exciton absorption bands have opposite 
signs and the separation between the bands decreases 
as 1^^^ I (see Excitons). When the two molecules are 
far apart the opposite rotational strengths of the 
overlapping bands cancel so that the measured signal 
goes to zero. 

When the two exciton bands overlap strongly, the 
positions of the positive and negative CD peaks 
depend mainly on the shape of the underlying bands 
and are relatively insensitive to | . This points out 
a difficulty in interpreting experimental CD spectra: 
although the CD spectrum can be predicted 
unambiguously for a complex with known structure, 
oligomers with different structures can give similar 
spectra. Actually, even predicting the CD spectrum 
for a complex with known structure can be 
problematic because the spectrum can be complicated 
by mixing with higher excited states, such as states in 
which more than one of the monomeric units are 
excited, and by uncertainties in calculations of 
exciton-interaction matrix elements (see Excitons). 
Attempts to deduce the structure of an oligomer 
based on a CD spectrum therefore must be viewed 
critically. However, measurements of both the CD 
and absorption spectra in the region of several 
absorption bands may provide enough information 
to rule out some possible structures with good 
confidence. 

V. Configuration Interactions 

Many spectroscopic transitions can be described 
approximately as the promotion of a single electron 
from the highest occupied molecular orbital (HOMO) 
to the lowest unoccupied molecular orbital (LUMO) 
with the absorption of light, or a transition in the 
opposite direction with the emission of light (see 
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Fig. 2d). However, this description assumes that the 
movement of the electron from one orbital to another 
has no effect on the other electrons in the molecule, 
which is a very simplistic assumption. A transition 
that involves complex perturbations of the electronic 
structure often can be described more accurately as a 
linear combination of transitions between various 
occupied orbitals and unoccupied orbitals. Thus, we 
can write an excitation from the ground state to 
an excited singlet state as 






where means excitation of an electron 

from orbital j to orbital k. Each such combination of 
orbitals is termed an electron configuration, and the 
mixing of different configurations to give the overall 
transition is called configuration interaction. Itoh 
and FHaya (1964) and Malaga and Kubota (1970) 
give general expressions for calculating the mixing 
coefficients ( ), which depend on the symmetry 
and energies of the individual orbitals. 

In the case of porphyrins, chlorins and bacterio- 
chlorins, transitions involving the orbitals one step 
below the HOMO and one step above the LUMO 
make small but significant contributions to the 
absorption bands in the visible and near-UV regions. 
Combining these orbitals with the HOMO and 
LUMO, we have four pertinent orbitals, which 
customarily are labeled a^^, a^^, and following 
Gouterman (1961). As shown in Fig. 2b, the four 
orbitals allow four possible configurations: ^ 2 ^ — > 
a — ^ ^ a \ ^ e and a\ — ^ e 

gx’ lu ^gy gx’ 

The relative energies of the a^^, a^^, and 
orbitals depend on the detailed structure of the 
molecule. In symmetrical metalloporphyrins, and 

are degenerate {i.e., have identical energies) and 
ajy and a^^ are very close together; in bacterio- 
chlorophyll, the orbitals are well separated, increasing 
in energy in the order a^^ < a^^ < The strong, 

‘Qy’ absorption band of bacteriochlorophyll near 
780 nm (see Fig. 3 in Chapter 2, Scheer) represents 
mainly the configuration aj^ Cg^ (HOMO 
LUMO) with a smaller contribution from a 2 ^ 
(HOMO- 1 LUMO+1) (see Fig. 2c). The ‘Q; band 
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Fig. 2. {a) A spectroscopic transition in which an electron is 
excited from the highest occupied molecular orbital (HOMO) to 
the lowest unoccupied molecular orbital (LUMO). The horizontal 
bars represent molecular orbitals, with the vertical position 
indicating the orbital energy. Small arrows indicate electrons 
with spin up or down (see Singlet and Triplet States), {b) The 
main spectroscopic transitions of porphyrins, chlorins and 
bacteriochlorins involve various combinations of excitations 
from one of the two highest occupied orbitals (« 2 u and aj J to one 
of the two lowest unoccupied orbitals (^g^ and e^y). (c) The 
dominant contributions to the Qy, Q^, and By absorption bands 
of bacteriochlorophyll are indicated with solid arrows; secondary 
contributions are shown with dotted arrows. 



in the region of 600 nm represents mainly « 2 ^ — > 
with a smaller amount of -A The By absorption 
band near 360 nm (the higher of the two ‘Soref 
bands) is made up mainly of the ^ 2 ^ — > 
configuration, while the Soret band near 380 nm 
is mainly a^^^ The Qy and By transition dipoles 
are oriented approximately along the axis connecting 
the nitrogen atoms in rings A and C; the and B^ 
transition dipoles, along the axis of the nitrogen 
atoms in rings B and D. 

For additional information on the spectroscopic 
properties and molecular orbitals of chlorophylls 
and bacteriochlorophylls, see Chapter 2 (Scheer) 
and Hanson (1991). 
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VI. Dipole Strength 



VII. Electromagnetic Radiation 



The dipole strength D is a measure of the overall 
strength of an absorption band. It is given by the 
square of the magnitude of the transition dipole (fl): 




The dipole strength can be calculated theoretically 
from the molecular orbitals of the ground and excited 
states as discussed under Transition Dipole. 

Experimentally, the dipole strength is related to 
the molar absorption coefficient (e) by the integral 



D = 



3000lnl0ftc 









9.186x10~T— , 
V M cm 



Charged particles exert measurable forces on each 
other, and these forces conventionally are expressed 
in terms of electric and magnetic fields. Suppose a 
particle with charge is fixed in position at the 
origin of a coordinate system in a vacuum and a 
second particle with charge is located at position . 
The distance between the two charges then is . By 
Coulomb’s law, the magnitude of the force acting on 
particle 2 (F 2 ) is 




The force points toward particle 1 if and 
have opposite signs, and away from 1 if the charges 
have the same sign. The electric field {Efi at the 
position of particle 2 is defined as the force that 
would act on an infinitesimally small, positive charge 
at this position. The amplitude (strength) of the field 
is simply 



~ 9. 186 X 10 f “JvdebyeV(M“^cm"^), 

J V 



where n is the refractive index, and one debye =10“^^ 
esu-cm = 3.336 X 10“^°C*m. This expression assumes 
that the sample is isotropic (z.e., that the absorbing 
molecules are oriented randomly). It also neglects 
the so-called local-field correction for the difference 
between the electric fields of light impinging on the 
sample and sensed at the molecule. See Alden et al. 
(1997) for a discussion of the local-field correction. 

The strength of an absorption band sometimes is 
expressed in terms of the oscillator strength, a 
dimensionless quantity defined as 



3efi 



2.303x10^ me r 



edv, 



where m is the electron mass. If v is given in s^‘ and 
€ in M“’cm“\ then / ~ 1.44 X 10"^^ j edv. The 
oscillator strength has a value on the order of 1 .0 for 
the strongest possible absorption band of a single 
chromophore. 



^2 “ 0 1^ I • 

Moving charges create magnetic fields, and the 
magnetic field ( ^ 2 ) acting on a magnetic pole m 2 is 
defined analogously to the electric field. 

The electric field generated by a pair of closely 
spaced positive and negative charges (an electric 
dipole) is simply the sum of the fields from the 
individual charges. If the distance between the positive 
and negative charges (the length of the dipole) 
oscillates with time, the electric and magnetic fields 
in the vicinity will oscillate at the same frequency. 
The oscillating electric and magnetic fields ( E and B ) 
created by such a dipole spread out in a wave-like 
manner as shown in Fig. 3. E and B are everywhere 
perpendicular to each other and also to the direction 
of propagation of the wave. The two oscillating fields 
together constitute an electromagnetic radiation field. 
The term Tight’ is used broadly to describe such 
radiation fields with oscillation frequencies in the 
range of 10^ Ho 10^^ Hz (oscillations per second). 

The waves associated with electromagnetic 
radiation fields propagate at a fixed velocity (c) of 
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Fig. 3. (a) An oscillating dipole creates oscillating electric and magnetic fields that spread out in spherical waves. The circles with positive 
or negative charges represent an electric dipole that oscillates in length along the vertical axis. The thin arrows indicate the oscillating 
components of the electric field from the dipole at various positions at a given time. At large distances from the dipole, the electric and 
magnetic fields propagating along any given axis ( F) are perpendicular to that axis. The amplitude of the field depends on the distance 
from the dipole and the sine of the angle (6) between the dipole axis and the propagation axis, (b) The electric and magnetic fields in a 
plane wave of light at a given time as functions of position along the propagation axis. The scale at the bottom indicates the wavelength 
of the oscillations (A). 



3 X 10*^ cm*s“^ in a vacuum. In a dense medium 
with refractive index n, the velocity decreases to dn. 
The oscillation frequency (v) is independent of the 
medium, but the wavelength (A) depends on n and is 
given by 

A = dnv. 

The wavenumber ( V ) of the radiation is the reciprocal 
of the wavelength. 

Just as an oscillating electric dipole generates an 
electromagnetic radiation field, the forces associated 
with an oscillating electromagnetic field will cause a 



dipole to oscillate. This can result in transfer of 
energy from the radiation field to the dipole 
{absorption of light), transfer of energy from the 
dipole to the radiation field (fluorescence or stimulated 
emission), or a change in the propagation direction 
of the radiation (light scattering). 

Light is said to be plane polarized or linearly 
polarized if the oscillating electric field vector remains 
parallel to a fixed vector as the wave propagates, as 
shown in Fig. ?>b. It is circularly polarized if E 
traces a corkscrew as illustrated in Fig. 4. Plane 
polarized light is used in measurements of linear 




94 



William W. Parson and V. Nagarajan 




Fig. 4. Left {a) and right {b) circularly polarized light. In this illustration, both waves propagate from right to left in the direction indicated 
by the long arrows. The short arrows indicate the orientations of the electric field {E)aX various positions at a particular time. An observer 
looking into the oncoming light sees the field rotating clockwise for right circular polarization and counterclockwise for left circular 
polarization (curved arrows). The magnetic field (not shown) rotates in phase with E. Note that the components of E and B parallel to 
any given axis normal to the propagation direction oscillate sinusoidally as shown in Figure 3b. 



dichroism and circularly polarized light in measure- 
ments of circular dichroism. 

In Fig. 4, note that the electric field vector E has 
a constant length but rotates either clockwise or 
counterclockwise with time and position along the 
propagation axis. One complete rotation corresponds 
to the classical oscillation period and wavelength of 
the field. The magnetic field ( B , not shown in the 
figure) is always perpendicular to E and rotates in 
phase with it. Light is said to have Teff circular 
polarization if the fields rotate counterclockwise 
from the perspective of someone looking into the 
oncoming light beam (Fig. 4a), and ‘right’ circular 
polarization if they rotate clockwise (Fig. 4b). 

Plane polarized light can be described as a 
superposition of two circularly polarized beams 
rotating at the same frequency but in opposite 
directions. The components of the electromagnetic 
fields parallel to a fixed plane add constructively, 
while the components perpendicular to this plane 
cancel. 

The intensity (/) of a light beam, also called the 
irradiance or fluence, is the flux of radiant energy per 
unit cross-sectional area of the beam and has 
dimensions of joules-s“*-cm"^ (watts’cm“^). The 



irradiance is proportional to the square of the electric 
field strength. For many spectroscopic applications, 
the relevant quantity is the spectral density (7(v)/Av), 
which is the irradiance per unit frequency interval 
(Av) and has units of joules cm“^. The amplitude of 
the signal that would be recorded by a photomultiplier 
or other detector is proportional to /(v)5'-Av or 
7(A)5-AA, where S is the cross-sectional area of the 
beam. 

The energy density of a light beam, p(v), is defined 
so that p(v)Av is the amount of energy per unit 
volume in the spectral region with frequencies 
between v and v+Av. Since light moves with a velocity 
C’n"\ piy) = {nlc)L 

In the quantum theory of light, an electromagnetic 
radiation field has quantized states similar to the 
states of the harmonic oscillator we discuss in Infrared 
Spectroscopy. The energies of these states are given 
by Ej = (j+l/2) fiv, where j can be zero or any positive 
integer. If the radiation interacts with matter and is 
absorbed, j usually decreases by 1 , the energy of the 
radiation field decreases by the matter gains the 
same amount of energy. When matter emits light, y 
usually increases by 1 and the energy of the radiation 
field increases by hv. Such transactions can be 
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described as the absorption or emission of a photon, 
which is a particle with energy hv and a definite 
momentum but no mass. The value of y is interpreted 
as the number of photons in the radiation field. In 
addition to its characteristic frequency v, a photon 
has an intrinsic angular momentum or ‘spin’ that can 
be either right- or left-handed, corresponding to 
right- or left-circular polarization of the electro- 
magnetic field. 

VIII. Excitons 

If one molecule in a group of similar, closely packed 
molecules is excited, the excitation may hop from 
molecule to molecule in the manner of a moving 
particle. Such a mobile excitation is called an exciton. 
Frenkel excitons are those in which an excited electron 
and a vacancy or ‘hole’ in an otherwise filled 
molecular orbital migrate together from one molecule 
to another. Wannier excitons consist of more loosely 
associated electrons and holes. In photosynthetic 
antennas, we are concerned mainly with Frenkel 
excitons. 

In the section on resonance energy transfer, we 
discuss relatively slow, stochastic hopping of 
excitations between widely spaced molecules. Here 
we are concerned with molecules that are closer 
together and interact more strongly, so that it may not 
be possible to say with certainty which molecule is 
excited at any given time. The molecular interactions 
that cause excitations to spread over several molecules 
are fundamentally the same in both cases, and can 
loosely be called exciton interactions or exciton 
coupling. They just are stronger in the situation of 
interest here because the molecules are closer together. 
As a result, the absorption, fluorescence and circular 
dichroism spectra of a dimer or higher oligomer can 
be significantly different from the spectra of the 
individual molecules. But we are not yet in the region 
of extremely strong interactions, where overlap of 
the molecular orbitals allows new bonds to form and 
the definition of the molecules themselves becomes 
blurred. 

The effects of exciton interactions on spectroscopic 
properties provide a rich source of information on 



photosynthetic antenna complexes. They are used 
widely to probe the structures of these complexes 
and to follow structural changes such as those that 
occur when large complexes are dissociated with 
detergents. 

Consider a dimer comprised of two similar 
molecules, a and b. Suppose the molecules have 
ground states with wavefunctions and^i/r^, 
respectively, and excited singlet states with 
wavefunctions Va the transition 

energies for exciting molecule a orb individually be 

and As long as the molecules retain their 
individual identities, the ground-state wavefunction 
of the dimer can be written as the product to 

a reasonable approximation, and the energy of the 
ground state is just the sum of the molecular energies. 
If the molecules did not interact, we could write 
wavefunctions for the excited states of the dimer 
similarly as These are eigen- 

functions of the combined Hamiltonian (energy 
operator) of the individual molecules 
(See Wavefunctions for an introduction to the 
Hamiltonian and eigenfunctions.) However, they are 
not eigenfunctions of the total Hamiltonian that 
includes the exciton interactions (k + k, + k 
This more complete formulation is needed if the 
excitation can move back and forth rapidly between 
the two molecules. 

Let’s denote the correct excited-state eigen- 
functions as and ''F_, and express them as linear 
combinations of the old eigenfunctions: 

'F„=c,y„v,-c,v,v,. 

The squares of the coefficients (C.) in these 
expressions then can be interpreted as the relative 
probabilities of finding the excitation on one molecule 
or the other, and can be normalized so that ICjp 
+ IC 2 P = l.Thus, if Cj =±1 and C 2 = 0, only molecule 
a is excited in and only molecule b is excited in 
For intermediate values of the coefficients, the 
excitation could be on either molecule. 
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In this formulation, ^WaWb 

referred to as the basis states, or simply the basis. We 
have assumed that these two states make the only 
significant contributions to the excited states of the 
dimer, but additional states could be included in the 
basis if necessary. 

We can solve for the coefficients Cj and by 
writing out the eigenvalue equations as matrix 
equations and using a mathematical procedure termed 
diagonalizing the Hamiltonian matrix. The same 
procedure can be used for complexes containing any 
number of molecules, but here we’ll just give the 
results for a dimer: 




In these expressions, 8 is the difference between 
the energies of the states in which only molecule a or 
molecule b is excited {8=E^-E^. Kis the interaction 
energy or coupling strength that arises from the 
interaction term in the Hamiltonian, . The energies 
of the two excited states of the dimer are given by: 



£•, = +4F^ (1) 

" 2 2 

E = +4)/2 ^ (2) 

2 2 

Before we discuss the relationship between V and 
the structure of the dimer, let’s look at how the 
coefficients and energies of the excited states depend 
on the values of 8 and V. Figure 5 shows the coefficients 
as functions of the ratio of S to F. If [Sj » j F|, then ^ 
~ 1 and the coefficients Cj and approach 1.0 and 
zero, respectively. then approaches V« ^ while 

approaches ^WaWt^ fhe energies of these 
states go to E^ and E^, respectively, as shown in Fig. 
6 . 

In the opposite limit, when the basis states are 
close together in energy relative to K s - 0 and the 
coefficients become = C 2 = 1 / y 2 . In this case, 
the two excited states and are symmetric and 
antisymmetric combinations of Va Vz, • 

As Fig. 6 shows, the energies and do not 
become identical when E^ = E^^. They maintain a 
minimum separation of 2F. This resonance splitting 
is a purely quantum mechanical effect that results 
from mixing the two basis states and distributing the 




Fig. 5. The coefficients Cj and C 2 (a) and their squares |Cj p and IC 2 P (b) for one of the excited states of a dimer, as a function of 8/V. 8 is 
the energy difference between the two basis states - Ef,) and V is the interaction energy. 
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51V 

Fig. 6. Energies of the two excited states of a dimer (E+ , solid 
curves) as functions of the energy difference (5) between the 
basis states. The energy scales are in units of the interaction 
energy V, which is held constant. The energy of * is fixed 

at zero while that of ^ {E^ is varied {dotted lines). At the point 

where E^ and E^ intersect, E^ and E_ are separated by 2 V. 

excitation over the two molecules. A related 
phenomenon is the resonance stabilization of an 
aromatic molecule such as benzene in the ground 
state, where mixing of wavefunctions corresponding 
to different electronic structures gives rise to a mixed 
state that is more stable than the pure states. 

Once the coefficients Cj and C2 are known, the 
spectroscopic properties of a dimer can be related 
straightforwardly to the properties of the individual 
molecules. The transition dipole for excitation of the 
dimer to or is simply a linear 

combination of the molecular transition dipoles ( 
and fli^) with the same coefficients: 



monomer transitions. The relative dipole strengths 
of the two absorption bands of the dimer can vary 
widely, depending on the coefficients Cj and C2. But 
since |Cj | + [Q | = 1 , the sum of the dipole strengths 
is always + 1)^: 

|/i,f =D^+D,. 

If |S| « \V\, so thatC, -C2 - l/F, then the 
transition dipoles and dipole strengths of the dimer’s 
bands are 

where 6 is the angle between and . In this 
situation, and jl_ are simply symmetric and 
antisymmetric combinations of and , and are 
perpendicular to each other (see Linear Dichroism). 

Now let’s consider the interaction energy (F). This 
energy reflects the charge-charge interactions between 
electrons on the two molecules. Using the bra-ket 
nomenclature (see Mathematical Tools) and neglecting 
dielectric screening by the intervening medium, we 
can write V formally as 




— C 2]^^ — Cj • 

And the corresponding dipole strengths are: 

D, = = |c,f + |c,f D, + 

Z)_ = |/i_| “|C'2| A ’*’1^1 ~ * rh’ 

where and are the dipole strengths of the 



where e is the charge of an electron, r is the distance 
between electron positions on molecules a and b, and 
the brackets indicate an integral over all space. 

To evaluate the integral in this expression for F, we 

need to know the molecular orbitals Va 5 Va^ 

and V/,- Suitable orbitals for chromophores with n 
electrons often can be written as linear combinations 
of atomic p orbitals. But a useful approximate 
expression for V can be obtained even without an 
explicit description of the molecular orbitals. This is 
done by writing out the intermolecular electrostatic 
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interactions as a sum of terms, using a multipole 
expansion. In general, the interactions of any two 
groups of ‘point’ charges at known positions can be 
written in this way. If the net charges of the individual 
molecules are not zero, then the leading term is the 
monopole-monopole (charge-charge) interaction 
energy, where and are the net charges 

andi?^^ is the distance between the molecular centers, 
or more precisely, the centers of charge. However, 
this term does not contribute to Fbecause, assuming 
that the basis wavefunctions are orthogonal. 



Vt Wa 



QaQb 



R. 






R.. 



-(V4V„|V„Vi,) = o. 



The first pertinent term in the multipole expansion 
usually is the dipole-dipole term, which corresponds 
to the classical energy of interaction of two electric 
dipoles located at the molecular centers. (See 
Transition Dipoles for a definition of electric dipoles.) 
Evaluating this term gives 

V - {(/i„ -3 {a„ 

Here and are the transition dipoles of the two 
molecules, R^^ is the vector from the center of 
molecule a to the center of b and the factor 
represents the dielectric screening by the intervening 
medium. This expression for V, in which the length of 
each dipole is assumed to be arbitrarily small, is 
called the point-dipole approximation. In a homo- 
geneous medium with refractive index n, the screening 
factor 6’ is approximately n^. 

Evaluating the dot products in the point-dipole 
expression and replacing 5- by n^ gives, for a dimer of 
identical molecules, 

V - Dn~^[cos6 -'icosacos 

= Dn\\R^,\ \ 

where D = (the dipole strength of the 




Fig. 7. In the point-dipole approximation, the energy of interaction 
of two dipoles (M^and/i/,) depends on the magnitudes of the 
dipoles and the center-to-center distance the 

angle between the dipoles (0), and the angles of the dipoles with 
respect to Rab {ol and j8). This approximation usually is acceptable 
if 1 R^b I is much greater than | \/e and | jUi^ |/e, where e is the charge 

of an electron. 

monomer), 6 is the angle between the two transition 
dipoles, a is the angle between jH^ and and j8 is 
the angle between and R^j^ (see Fig. 7). The last 
equation collects the dependences on the three angles 
into a geometrical factor k that can vary between -2 
and +2: 

K = cos 6-3 cos a cos P . 

Since D and are positive quantities, the sign of 
V depends only on k. 

Figure 8 illustrates the application of these results 
to dimers of identical molecules in various 
arrangements. If the transition dipoles of the 
monomers are parallel and are aligned along the 
intermolecular axis as shown in Fig. 8a (0, a and /3 
all 0°), Fis negative. then lies lower in energy than 
All the dipole strength is associated with excitation 
of the dimer to since D^ = D(l Fcos 6) = 2D while 
D_ = D{\-cosd) = 0. The transition dipoles of the 
monomers thus add in but cancel in D_. Figure 8 
does not show it, but the absorption spectrum of the 
dimer would be just the same if one of the monomers 
were turned around by 1 80°. In that case, V would be 
positive and would be lower in energy than but 
all the dipole strength still would go to the lower- 
energy transition. 

If the transition dipoles of the monomers are 
perpendicular, as in Fig. Fis zero; the two excited 




Chapter 3 Spectroscopic Concepts and Techniques 



99 



(0 
c 

13 

ro 

In 

L _ 

sS 

0 
o 
c 

CO 
jQ 
v _ 

O 
(/> 
n 
< 





0 = 600 

a = 9QO, p = 300 
K = +0.6 



d i 




Frequency (arbitrary units) 

Fig. 8. Transition frequencies and dipole strengths of exciton bands of dimers with four different geometries. The orientations of the 
transition dipoles and the geometrical factor k are indicated above each spectrum. The absorption spectrum of the monomer is shown with 
a dotted line and the spectrum of the dimer with a solid line. From left to right, the relative dipole strengths of the dimer’s two bands 
(qr_/qr j are 0:2, 1 : 1 , 0:2 and 0.5: 1 .5. (T^_ is the higher-energy transition in a and the lower-energy transition in c and d.) The exciton bands 
were given Gaussian shapes with the same width. 



states of the dimer have the same energy, and 
transitions to and have the same dipole strength 
and are indistinguishable. If the monomer transition 
dipoles are parallel to each other but perpendicular 
to the intermolecular axis, as in Fig. Sc, then V is 
positive. In this case, is the higher-energy state 
and all of the dimer’s dipole strength goes to the 
higher-energy excitation. Again, rotating one of the 
dipoles by 180° would change the sign of V and 
interchange the assignments of the transitions but 
would leave the spectrum unchanged. Finally, Fig. 
8d shows an arrangement in which both of the dimer’s 
absorption bands have significant dipole strengths. 

These illustrations show that the absorption 
spectrum of a dimer depends strongly on the geometry 
of the complex. Although the absorption spectrum 
alone does not provide enough information to 
determine an unknown structure uniquely, it may be 
sufficient to rule out many otherwise plausible 
models. The circular (jichroism spectrum can yield 



additional information that further narrows the 
possibilities. 

The concepts discussed above also apply to 
oligomers larger than dimers. The transition dipoles 
of the oligomer’s absorption bands are written simply 
as sums of the transition dipoles of the individual 
molecules, and the coefficients are found by 
diagonalizing the interaction Hamiltonian. Analyses 
along these lines have helped to clarify the 
spectroscopic properties and excited-state dynamics 
of a variety of photosynthetic antenna complexes 
such as the bacterial LH2 complex (Nagarajan et al., 
1999). 

The point-dipole approximation for V becomes 
unreliable when the interacting molecules are too 
close together. The distance at which this occurs 
depends on the molecular structures and orientations, 
but as a rule of thumb for chlorophyll or bacterio- 
chlorophyll, the approximation probably should not 
be trusted if the center-to-center distance is less than 
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about 10 A. Several theoretical treatments that may 
be more reliable at short distances are available 
(Warshel and Parson, 1987; Scholes et al., 2001). 

IX. Fluorescence Yield and Lifetime 

A molecule that has been excited by light can fall 
back to the ground state by spontaneously emitting 
light as fluorescence (see Spontaneous Fluorescence). 
But there are other ‘nonradiative’ paths by which the 
excited molecule can relax without fluorescing. These 
routes are often collected in a scheme like that shown 
in Fig. 9, which is called a Jablonski diagram. 

Intersystem crossing is a transition between 
electronic states with different spins (see Singlet and 
Triplet States). Internal conversion is a relaxation 
between different electronic states with the same 



spin. Molecules that are raised to higher excited 
states usually relax rapidly to the lowest excited 
singlet state by internal conversion before they 
fluoresce or undergo intersystem crossing to a triplet 
state. An excited molecule also may transfer the 
excitation energy to a neighboring molecule by 
resonance energy transfer, or epter into a photo- 
chemical process such as an electron-transfer reaction. 

The overall rate constant for decay of an excited 
state is the sum of the rate constants for 
fluorescence (A), intersystem crossing {k.^X internal 
conversion to the ground state {k.^, resonance energy 
transfer electron transfer {k^) and any other 
reactions: 

k^ ^ — k k . + 

tot r ISC ic ret et 

The observed lifetime of the excited state {t^^^ = 1/ 




Fig. 9. A Jablonski diagram of pathways for formation and decay of excited states. Singlet states are labeled S and triplet states T, with 
subscripts 0, 1,2... to denote the ground state and excited states of increasing energy. The dotted lines represent vibrational levels. 
Radiative processes are indicated with solid arrows^ nonradiative processes, with wavy arrows. Upward arrows represent excitation by 
light. 
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as measured by the time required for the 
fluorescence to decrease to Me of its initial amplitude, 
thus is shorter than the radiative time constant, Hk ^ . 
The quantum yield of fluorescence (the fraction of 
the excited molecules that decay by fluorescence) is 
given by the ratio of k^ to k^^;. 

<l> = k,/Kr 



many molecules. This fact can be used to determine 
if a fluorophore is exposed to or shielded from 
oxygen dissolved in the solvent. 

In photosynthetic antennas, energy transfer from 
one type of complex to another (for example from 
the B800 to the B850 complex of LH2) decreases the 
excited-state lifetime of the donor complex (see 
Resonance Energy Transfer). 



For molecules in solution, the rate constants k^^^ 
and k^^ for energy and electron transfer are pseudofirst- 
order rate constants that depend on the concentration 
of the reaction partner or energy acceptor. If we 
introduce an additional decay pathway by adding an 
electron acceptor, or in general any quencher (Q), 
the fluorescence quantum yield will decrease in a 
concentration-dependent manner: 

where k^^^ is the decay rate constant of the 
fluorescence in the absence of the quencher (the sum 
of the rate constants for all the decay mechanisms 
that do not involve the quencher). Rearranging the 
last two equations gives 



X. Infrared Spectroscopy 

The length of the bond in a diatomic molecule such 
as CO tends to oscillate at a characteristic fi'equency 
that increases with the strength of the bond. The 
molecule’s vibrational mode is associated with a set 
of quantum mechanical nuclear wavefunctions similar 
to those of a harmonic oscillator, which is a system 
that experiences a restoring force proportional to the 
displacement from the system’s resting position. The 
energies of harmonic oscillator wavefunctions are 
given by 






J + - 



ftV, 



where (/y and (j)^ are the quantum yields in the 
absence and presence of the quencher. The reciprocal 
of the fluorescence quantum yield ( 1 / 0^ ) thus should 
increase linearly with the concentration of the 
quencher. This is known as the Stern- Volmer equation. 

The sensitivity of the fluorescence yield and 
lifetime to a variety of quenchers makes fluorescence 
a versatile probe of macromolecular structure 
(Lakowicz, 1999). For instance, the fluorescence of 
tryptophan residues in proteins usually is quenched 
when these residues are exposed to water. This 
quenching can be used to study the folding or 
unfolding of a protein as a function of denaturant 
concentration, time or other variables. Exposure to 
oxygen also quenches the excited singlet states of 



where v is the classical vibrational frequency of the 
mode and y = 0, 1,2, .... Note that the lowest energy 
is not zero, as it would be in classical physics, but 
fiv/l; this is called the zero-point energy. Although 
actual nuclear wavefunctions depart from harmonic 
oscillator wavefunctions as a bond is stretched or 
compressed, the mathematical simplicity of harmonic 
oscillator wavefunctions makes them extremely useful 
for theoretical discussions. 

A vibrational mode of a complex molecule typically 
involves simultaneous motions of many nuclei and 
cannot be described simply as the stretching or 
bending of an individual bond. But it usually is 
possible to assign such a vibrational mode to a 
particular combination of stretching, bending or 
twisting motions, and to describe these motions by a 
linear combination of displacements of the individual 
atomic coordinates. These collective vibrational 
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A. Antisymmetric stretching B. Symmetric stretching C. Bending 

Fig. 10. The vibrational normal modes of a triatomic molecule. The open and stippled circles indicate positions of the terminal atoms at 
two times, and the arrows indicate directions of motion at an arbitrary time. The molecule’s center of mass is stationary. 



modes are the normal modes of the system and the 
associated combinations of coordinates are called 
the normal coordinates. Figure 10 illustrates the 
three normal modes of a triatomic molecule. 
Procedures for finding the compositions and 
frequencies of vibrational normal modes are described 
by Wilson et al. (1955). The vibrational energy of a 
molecule with multiple normal modes is the sum of 
the energies associated with all the individual modes. 

Excitations of molecules to higher vibrational 
levels typically occur in the infrared (IR) region of 
the spectrum, with wavenumbers between 200 and 
5,000 cm-' (u = 6X 10'Hol.5X 10'^ Hz, or A = 50 
jim to 2 jam). The strength of the IR absorption band 
for such an excitation depends on several selection 
rules. First, strong bands usually involve transitions 
in which the integer j in the above equation increases 
by 1 . Since the resting molecule usually will be in the 
lowest levels of all the vibrational modes with energies 
greater than the thermal energy, transitions from j = 
0 toy = 1 usually dominate the absorption spectrum. 
The energy of the transition is AE" = E^-E^ = ftv. 

The second selection rule for IR absorption is that 
the vibration must change the molecule’s dipole 
moment. The pertinent dipole moment here is the 
‘permanent’ dipole moment of the molecule in its 
ground electronic state, not the transition dipole that 
determines the strength and linear dichroism of an 
electronic absorption band. The requirement for a 
change in the dipole moment rules out IR absorption 
for homonuclear diatomic molecules such as O 2 , 
which have no dipole moment. The C=0 bond of a 
carbonyl group, on the other hand, has a permanent 
dipole with the negative end on the O atom and the 
positive end on the C, and this dipole oscillates in 



magnitude as the bond stretches and compresses. 

Infrared spectroscopic studies of macromolecules 
have become increasingly common and powerful 
with the development of Fourier-transform IR (FTIR) 
spectroscopy (Griffiths and deHaseth, 1 986; Braiman 
and Rothschild, 1988; Mantele, 1993; Siebert, 1995). 
In a conventional IR spectrometer, a beam of IR light 
passes through the sample and then is dispersed by a 
monochromator so that the intensity of the transmitted 
light can be measured as a function of wavelength. 
FTIR spectrometers dispense with the mono- 
chromator. Light from a lamp is split into two beams 
that travel different paths but then both pass through 
the sample and proceed to the same detector. The 
length of one of the light paths is modulated by a 
moving mirror. When the beams recombine, light of 
a given wavelength interferes either constructively 
or destructively, depending on the wavelength and 
the difference between the path lengths. The moving 
mirror thus causes the signal at a given wavelength to 
oscillate with time. The absorption spectrum of the 
sample can be determined from the spectrum of the 
oscillatory components of the transmitted light. 
Because the wavelength scale can be calibrated very 
accurately, this technique allows one to measure 
small shifts in the spectrum caused by isotopic 
substitutions or other modifications of the sample. 

In photosynthetic reaction centers and antenna 
complexes, IR measurements combined with site- 
directed mutagenesis and isotopic substitutions have 
been used to identify residues that interact with the 
pigments or that bind a proton when one of the 
electron carriers is reduced (Breton et al., 1997). For 
references to closely related studies, see Raman 
Spectroscopy. 
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XI. Internal Conversion 

Internal conversion is a non-radiative transition 
between two electronic states with the same electron 
spin multiplicity, such as a transition between two 
excited singlet states or two triplet states (see Singlet 
and Triplet States). (A transition between states with 
different spin is termed intersystem crossing.) The 
transitions that are most pertinent to photosynthetic 
antenna systems are relaxations from higher singlet 
states (S^ to the lowest (‘first’) excited singlet state 
(S^), or from to the ground state (Sq). 

Internal conversion from to Sq is one of the 
processes that compete with fluorescence (see 
Fluorescence Yield and Lifetime). Internal conversion 
from higher excited states to usually occurs much 
more rapidly than internal conversion from to Sq, 
and for this reason excited molecules usually emit 
fluorescence mainly from S^. This observation is 
sometimes called Kasha s rule. As an example, if 
bacteriochlorophyll is excited in the Soret (360^00 
nm) or (600 nm) absorption band, the molecule 
relaxes to its lowest excited singlet state (Q^) in less 
than 10“^^ s. In the absence of electron transfer or 
other quenching processes, the Qy state then decays 
with a time constant of about 10^^ s. If the rate 
constants for other processes are similar in the 
different states, the integrated fluorescence from 
will be on the order of 10^ times that from the higher 
excited states. 

Within a related series of molecules, the rate of 
internal conversion from to Sq decreases 
approximately exponentially with the energy gap 
between the two states 

where the constants k^ and a depend on the type of 
molecule. The important energy difference here is 
the ‘0-0’ difference between the lowest vibrational 
levels of the two electronic states (see Spectral 
Bandshapes). This exponential relationship is known 
as the energy-gap law (Siebrand, 1 967a,b; Bixon and 
Jortner, 1968; Gelbart et al., 1970). The energy-gap 
law can be rationalized as follows: Since the total 
energy must be conserved during the transition. 



internal conversion from S^ to Sq must create a 
vibrationally excited level of the electronic ground 
state. The larger the electronic energy gap, the more 
the amount of energy converted into vibrations. For 
a vibrational mode whose normal coordinates are 
only slightly displaced between the two electronic 
states, the lowest vibrational wavefunction of S^ has 
little spatial overlap with highly excited vibrational 
wavefunctions of Sq, making transitions between 
these vibrational states unlikely. (See Infrared 
Spectroscopy for more on normal coordinates and 
vibrational modes, and Spectral Bandshapes for 
vibrational overlap integrals.) 

Measurements of the rates of internal conversion 
in carotenoids have been used with the energy-gap 
law to estimate the energies of transient excited 
states (Chynwat and Frank, 1995). However, more 
direct methods have given different results in some 
cases and may be preferable (Polivka et al., 1999, 
2001; Frank et al., 2000). 

XII. Linear Dichroism and Fluorescence 
Anisotropy 

A dependence of the absorption of linearly polarized 
light on the orientation of the polarization axis relative 
to the sample is called linear dichroism (LD). As 
discussed in Electromagnetic Radiation, the polariza- 
tion axis of linearly polarized light refers to the 
orientation of the oscillating electric field {E). Linear 
dichroism reflects the fact that the interaction of this 
field with the transition dipole {Ji) varies if E is 
rotated relative to the molecular orientation. 

The strength of an optical transition is proportional 
to , or cos^O, where 6 is the angle 

between E and Jl for an individual absorbing 
molecule, and the bars denote averages over the 
orientations of all the molecules in the sample. For 
an isotropic sample, in which the molecules have 
random orientations, the average of cos^0 is simply 
1/3, so 
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The standard expression relating the molar absorption 
coefficient to the dipole strength (|/l| ) assumes that 
the sample is isotropie and ineludes this faetor of 1/3. 
Rotating the polarization of the light does not aflfeet 
the absorbance of an isotropic sample. For an 
anisotr opic sample, on the other hand, the value of 
cos^ 6 depends on the extent to which the sample is 
ordered and on the polarization of the light relative to 
the orientation axis of the sample. In this case, the 
absorbance generally changes as the polarization 
axis is rotated. The results of such measurements 
often are expressed in terms of e^- €||, where €||(A) 
and €j^(A) are the molar absorption coefficients for 
light polarized parallel and perpendicular to the 
orientation axis. 

Measurements of LD can be used to explore the 
orientations of pigment molecules with respect to a 
macroscopic axis, or with respect to each other in a 
system containing multiple pigments. For example, 
if membranes containing the photosynthetic bacterial 
LHl antenna system are ordered by drying on a flat 
surface, the long>wavelength (Q^) absorption band 
of bacteriochlorophyll is found to be maximal for 
light polarized parallel to the plane of the surface 
(Breton et al., 1981). This indicates that the 
transition dipoles, which are approximately parallel 
to the line connecting nitrogen atoms N1 and N3 of 
the bacteriochlorophyll molecules, lie more or less 
in the plane of the membrane. If purified pigment- 
protein complexes are oriented by stretching or 
compressing samples embedded in polyvinylalcohol 
or polyacrylamide, some of the absorption bands 
typically are maximal for light polarized parallel to 
the orientation axis, while others are strongest with 
orthogonally polarized light. Crystalline materials 
typically have very strong linear dichroism with 
respect to the crystal axes. 

Linear dichroism also can be helpful for analyzing 
exciton interactions. A dimer formed from two 
identical molecules, each of which has one excited 
state, will have two absorption bands whose transition 
dipoles are proportional to the sum and difference of 
the transition dipoles of the individual molecules. 
Because the sum and difference of any two vectors 
are perpendicular to each other, the two absorption 



bands necessarily have orthogonal LD. The absorption 
bands of larger oligomers also represent combinations 
of transitions of the individual molecules and can 
show strong LD. This can be particularly informative 
when some of the exciton bands are not well resolved 
in the isotropic absorption spectrum, because these 
may split into components with opposite signs in the 
LD spectrum. However, the analysis of the LD 
spectrum of an oligomer larger than a dimer is not 
necessarily straightforward, because each band can 
contain contributions from more than two molecules. 
The same is true even for a homodimer if the 
individual molecules have more than one excited 
state. The long-wavelength absorption band of a 
bacteriochlorophyll dimer, for example, may have 
contributions from both the Qy and By transitions 
(see Configuration Interactions). Structural or 
environmental differences between the two chromo- 
phores of a dimer also can distort the symmetry of 
the LD spectrum by altering the relative contributions 
of the two molecules to the exciton bands. 

As mentioned above, the magnitude of the LD 
manifested by a sample depends partly on how well 
the individual molecules are oriented. The failure to 
observe LD in a pigment-protein complex thus could 
reflect poor alignment of the complexes with respect 
to the laboratory axes, and say nothing about the 
orientations of the chromophores within the 
individual complexes. 

Linear dichroism can be created in an isotropic 
sample by excitation with polarized light. If the light 
excites only a small fraction of the molecules in the 
sample, it will selectively pick out molecules that are 
oriented with their transition dipoles approximately 
parallel to E {d - 0). The excitation of molecules 
with other orientations falls off as cos^d. This is 
termed photoselection. Spectra of absorbance changes 
caused by photoselective excitation will differ, 
depending on whether the measuring light is polarized 
parallel or perpendicular to the excitation. Such 
spectral differences are called induced dichroism. 
They commonly are expressed in terms of the 
absorption anisotropy (r), 

r = { A4|| - AT^}/{ A4|i + 2A/1 J, 
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where A.4|j and AA_^ are the absorbance changes 
measured with light polarized parallel and perpen- 
dicular to the excitation polarization. The anisotropy 
will decay with time if the excited molecules rotate 
or transfer the excitation energy to neighboring 
molecules with different orientations. 

The same phenomenon underlies measurements 
of fluorescence anisotropy^ in which one excites a 
sample selectively with polarized light and measures 
the fluorescence emission through polarizers parallel 
and perpendicular to the excitation. The fluorescence 
anisotropy is 

r={F^,-F,}l{F, + 2F,}, 

where and are the fluorescence intensities with 
parallel and perpendicular polarizations. 

The denominator in the definition of anisotropy 
(Fj| + IF f) is proportional to the total fluorescence, 
Fj, which includes components polarized along all 
three Cartesian axes: + F^. Suppose the 

excitation light is polarized parallel to the z-axis and 
we measure the fluorescence with polarizers parallel 
to the z and x axes, so that Fy = F^ and F^ = F^. The 
emission must be symmetrical in the plane normal to 
the excitation polarization, so Fy = F^. Thus Fj = F^ 
+ 2F^ = F|| 2F_^. The total fluorescence also can be 

obtained by measuring the fluorescence through a 
polarizer set at the ‘magic angle’ 54.7° from the 
z-axis. This is equivalent to combining z- and x- 
polarized measurements with weighting factors of 
cos^(54.7°) and sin^(54.7°), which have the ratio 1 :2. 
Fluorescence measured through a polarizer at the 
magic angle with respect to the excitation polarization 
is not affected by rotation of the chromophore. The 
same is true of absorbance changes induced by 
photoselection, and of the absorbance of a sample 
that is oriented with respect to a single axis: rotation 
of the chromophore will not change the absorbance 
measured through a polarizer set at 54.7° with respect 
to the orientation axis. The orientational averaging 
achieved by measuring at the magic angle also is 
used in NMR spectroscopy to sharpen bands that 
would otherwise be smeared out by anisotropic 
interactions. 

The decay of absorption or fluorescence anisotropy 



is commonly used to measure the rotational dynamics 
of molecules. Measurements of anisotropy decay are 
particularly useful for macromolecules, sinee the 
reorientation kinetics can be related to the size and 
shape of the molecule. 

Measurements of fluorescenee anisotropy also 
provide a convenient way of probing the relative 
orientations of the pigments in an antenna complex. 
Here the molecules are stationary and the orientation 
of the transition dipole of the emitting molecule 
changes because of resonance energy transfer. 
Neglecting coherence effects (see below), the 
expected value of r at short times after excitation is 
0.4. If the excitation can migrate among molecules 
with completely random orientations, r will decrease 
to zero at long times, whereas if the migration is 
constrained to molecules that lie in a eommon plane, 
the limiting value at long times is 0. 1 . (These values 
are derived by integrating over all orientations of the 
molecules with respect to both the detection and 
excitation polarizations.) The dynamics of the 
anisotropy decay provide a measure of the rate at 
which excitations hop from pigment to pigment. 

Another common situation is for a molecule to 
have two or more absorption bands with non-parallel 
transition dipoles. If a molecule is excited in one 
band and then emits fluorescence by a transition with 
a perpendicular transition dipole, the expected value 
of the anisotropy at short times is -0.2. This is the 
case when bacteriochlorophyll is excited in its 
absorption band near 600 nm and fluoresces in the Qy 
band near 780 nm (Ebrey and Clayton, 1969). 

Analysis of fluorescence or absorption anisotropy 
at very short times after an excitation pulse can be 
more complicated in systems that have multiple, 
closely spaced absorption bands. In such systems, a 
short pulse can excite multiple transitions, creating a 
coherent superposition of quantum states (Knox and 
Gulen, 1993; Wynne and Hochstrasser, 1993; Kiihn 
and Sundstrdm, 1997;Nagarajanetal., 1999). Super- 
position states can have absorption and emission 
anisotropies that exceed the classical upper limit of 
0.4. The extra anisotropy typically decays within 
about 0.1 ps because of random fluctuations of the 
energies of the excited states. 
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XIII. Mathematical Tools 

A. Vectors 

A vector is a quantity that has both a direction and a 
magnitude, whereas a scalar has only a magnitude. 
Length and mass are examples of scalars; displace- 
ment and velocity are vectors. To see the distinction, 
consider a walk around a square city block. If you 
return to the starting position after one loop, the 
length of your trip has been four times the length of 
the block, whereas your displacement, obtained by 
summing the vectors along four streets, is zero. 

Any vector in a three-dimensional coordinate 
system can be written as the sum of its vector 
components in the x, y and z directions. We indicate 
a vector either by a letter with an arrow on top or by 
specifying its Cartesian components: a = ,a^,a^j. 

The length or magnitude of a vector [a^,ay,a^^ is 

\a\ = \a^ ay + aA .The dot product of two 

vectors a and e is a scalar defined by 
d^e=a^e^-\■ UyCy or|a||e|co 5 '( 0 ) , where 6 is 

the angle between a and e . The cross product of a 
and e , denoted a X 2 , is a vector with magnitude 
pointing in a direction perpendicular to 
both d and e. 

B. Operators 

An operator, denoted in this chapter by a character 
with a tilde on top, acts on and modifies the function 
or parameter that follows it. Consider, for example, 
the one-dimensional derivative operator = d/dx 
acting on the function = 3 x^. The operation is 
/(jc) = — |3x^ I = 6x . In quantum mechanics, every 
observable physical property that depends on position 
and time has a corresponding operator. This operator 
can be used to calculate the expected value of the 
property, as described later in this section. 

C. Eigenfunctions and Eigenvalues 

A function is said to be an eigenfunction of an 
operator if the function is unmodified in the operation 
except for multiplication by a constant. For example. 



e" is an eigenfunction of the derivative operator 
because d^e'' | / dx = e'' . The eigenvalue of an 
operator is the multiplicative factor, which is 1 in this 
example. 

D. Complex Functions 

A complex function is a sum of real and imaginary 
functions, where an imaginary quantity means a 
quantity that is proportional to (i). Tho complex 
conjugate of a function (denoted by an asterisk 
following the function) is obtained by changing the 
sign of i everywhere in the function. For the complex 
function d{x) = = cos(x) + i sin(x), the complex 

conjugate is '&\x) = cos(x) - i sin(x) = The 
product of any complex function and its complex 
conjugate is real. Thus, for example, e = e^ = 1 . 
Complex functions abound in wave theory and 
quantum mechanics. 

E. Bra-ket Notation 

In the bra-ket notation for quantum mechanical 
integrals, irieans an integral of over 

all space (the total area under the product of and 
ijjj). Here and 1//2 could be any functions of position 
and time, and is the complex conjugate of 1/^2* In 
ordinary calculus notation, this integral would be 
written dxdydz . Similarly, ^1/^2 

means an integral over all space of A y/^ (the area 
under the product of and A which is the 
same as J J J 1//2* ^ V/, dxdydz . 

Integrals of both these types arise frequently in 
quantum mechanics. For example, ^i//|i//yis inter- 
preted as the probability of finding a system in a state 
with wavefunction ijj. And if we know that a system 
has wavefunction i//, then gives the most 

probable value, or expectation value of the observable 
physical property corresponding to operator A . This 
integral takes the place of the classical physical 
equation describing how the observable property 
depends on position, time and other parameters. 
Thus, for the energy operator tk (the Hamiltonian), 
ff\w) is the most likely energy of a system with 
wavefunction ijj. 
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XIV. Raman Scattering 

When an electromagnetic wave impinges on a 
molecule, the oscillating electric field distorts the 
molecule’s electron cloud and the distortion is 
modulated at the same frequency as the incident 
field. The motion of the electrons relative to the 
nucleus thus creates a dipole that oscillates at the 
frequency of the incident wave. As discussed in 
Electromagnetic radiation, such a dipole can radiate 
light in various directions at the same frequency. 
This is a classical description of light scattering. 
When the incident and emitted light have the same 
frequency, as just described, no net transfer of energy 
occurs and the process is called Raleigh scattering. 

It also is possible, though less probable, for the 
frequency of the scattered light to be higher or lower 
than the incident light frequency, so that there is a net 
transfer of energy between the molecule and the 
electromagnetic field. This energy difference is 
transferred to, or extracted from a molecular 
vibrational mode. The molecule thus is either 
promoted to a higher vibrational level of the ground 
electronic state or demoted to a lower level. This 
process is termed Raman scattering. Figure 11 



illustrates the main possibilities. Upward Raman 
transitions, called Stokes Raman scattering, usually 
predominate over downward transitions {anti-Stokes 
Raman scattering) because resting molecules reside 
mainly in the lowest levels of their vibrational modes 
(see IR Spectroscopy). A transition from this level to 
the next higher level often gives relatively strong 
scattering. The strength of anti-Stokes scattering 
increases with temperature, because an increasing 
number of molecules start out in higher vibrational 
levels. Anti-Stokes Raman scattering thus provides a 
way to measure the effective temperature of a 
molecule. 

If the frequency of the incident light matches a 
transition frequency of the molecule, the modulation 
of the molecular dipole increases greatly in amplitude, 
resulting in the enhancement of scattering intensity 
by as much as a million-fold. The scattering then is 
called resonance Raman scattering. 

Raman scattering usually is measured by irradiating 
a sample with a narrow line from a continuous laser, 
but time-resolved measurements also can be made 
by using a pulsed laser as the light source. Typically, 
light scattered at 90° from the axis of incidence is 
collected through a monochromator, and the 
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Fig. FI. Vibrational transitions in IR absorption and several types of light scattering. In IR spectroscopy, absorption of light (wavy 
horizontal line) excites a molecule directly to a higher vibrational level of the ground electronic state. In Rayleigh scattering, the molecule 
absorbs and emits light with the same energy, so that its energy remains constant. In Raman scattering, light with a different energy is 
emitted, leaving the molecule in either a higher or lower vibrational level (Stokes and anti-Stokes scattering, respectively). The dashed 
horizontal lines represent the total energy of the molecule plus the incident radiation. Resonance Raman scattering occurs if the energy 
of the incident light matches the transition energy to a higher electronic state. 
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irradiance of the signal is plotted as a function of the 
difference in wavenumber between the scattered and 
incident light spectrum resembles an 

IR spectrum (see Infrared Spectroscopy). However, 
the relative intensities of the Raman and IR lines 
corresponding to various vibrational modes generally 
differ. Whereas IR absorption is seen for vibrations 
that modulate the dipole moment of a molecule, non- 
resonance Raman scattering is seen for vibrations 
that affect the electronic polarizability. Resonance 
Raman spectra of proteins differ from IR spectra in 
that signals from bound chromophores can dominate 
the weak, non-resonant signals from the protein. 
Raman scattering is distinguishable from fluorescence 
by the narrow widths of Raman lines and by their 
dependence on the frequency of the excitation light. 
Whereas fluorescence emission spectra measured 
with continuous light usually are more or less 
independent of the excitation frequency, a Raman 
line shifts linearly withv^, maintaining a constant 
value of ~ v^) • 

The sharp lines of a Raman spectrum usually are 
superimposed on a broad fluorescence background. 
The background signal can be removed by shifting 
the excitation frequency by a known amount (typically 
1 to 1 0 cm“^), which shifts all the Raman lines by the 
same amount but has negligible effect on the broad 
fluorescence signal. When the shifted spectrum is 
subtracted from the unshifted, the background mostly 
disappears, leaving a difference spectrum that 
includes only the sharp bands. Since the amount of 
shift is known, the Raman spectrum can be 
reconstructed from the difference spectrum. 

Raman spectroscopy has been used extensively to 
study the ligation states and environments of hemes 
in proteins and to examine the ligands and hydrogen 
bonding of the protein to the pigments in photo- 
synthetic reaction centers and antenna complexes 
(Mattioli et al., 1995; Olsen et al., 1997; Ivancich et 
al., 1998; Stewart etal., 1998; Czarnecki etal., 1999; 
Lapouge et al., 1999). Hydrogen bonding to the 
acetyl or keto oxygen atom shifts the C=0 stretching 
mode to lower frequency, and the magnitude of this 
shift depends on the strength of the H-bond (Mattioli, 



1 995, Ivancich et al., 1 998). Other vibrational modes 
can report on distortions of the bacteriochlorophyll 
from planarity (Olsen et al., 1997; Lapouge et al., 
1999). Measurement of the resonance Raman 
spectrum is advantageous in such studies because 
the incident light can be tuned to the absorption band 
of a particular subset of the pigments. Changes in the 
strengths of Raman lines usually are more difficult to 
interpret than shifts in the vibrational frequencies 
because the strength is sensitive to many different 
factors. 

New techniques for obtaining laser light in the 
near-UV have opened the door to resonance Raman 
studies of tyrosine, phenylalanine and tryptophan 
residues in proteins (Hu and Spiro, 1997; Deng and 
Callender, 1999). 

XV. Resonance Energy Transfer 

A. Dipole-Dipole Coupling 

Resonance energy transfer plays a central role in 
photosynthetic antenna systems because it is the 
process by which excitations migrate from molecule 
to molecule and eventually reach the reaction centers. 
Because the rate of resonance energy transfer depends 
on the distance between the energy donor and 
acceptor, it also can be used experimentally to probe 
distances between sites in macromolecules. 

Resonance energy transfer requires coupled 
downward and upward transitions of the two 
molecules, so that the total energy of the system 
remains constant. The energy lost by the donor must 
match the energy gained by the acceptor. The process 
is commonly called ‘fluorescence resonance energy 
transfer’ (FRET), which is a misnomer since the 
energy donor does not actually fluoresce. Instead, 
resonance energy transfer represents a quantum 
mechanical resonance between two super-molecular 
states of equal energy, and is driven, in most cases, by 
weak interactions of the electrons on the two 
molecules. However, resonance energy transfer 
resembles a combination of fluorescence and 
absorption in that the upward and downward 
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transitions must be able to occur with little nuclear 
motion. More formally, both transitions must have 
nonzero Franck-Condon factors (see Spectral 
Bandshapes). 

The electronic interaction energy that most 
commonly drives resonance energy transfer is the 
same as the dipole-dipole interaction energy (F) that 
underlies exciton interactions. As we discuss in 
Excitons, for molecules that are sufficiently far apart 
relative to the molecular dimensions, V is given 
approximately by the point-dipole expression: 

V ~ |(/^a • | ^ * 

In this expression, /i^and are the transition dipoles 
of the two molecules, ^^^is the vector from the 
center of molecule a to the center of b, and n is the 
refractive index of the intervening medium. The 
factor n~'^ expresses dielectric screening by the 
medium. 

Relatively simple quantum mechanical consider- 
ations show that the rate of resonance energy transfer 
should be proportional to F, which in the point- 
dipole approximation is: 



coefficient and convert the donor’s dipole strength 
into a radiative rate constant (see Spontaneous 
Fluorescence): 

J = \F^e,v-^dvl\F^dv. 

In this expression, is the fluorescence amplitude 
of the donor and is the molar extinction coefficient 
of the acceptor, both of which are functions of the 
wavenumber (v= 1/A). Integrating the weighted 
product of and 6^ over all wavenumbers 
incorporates the requirements that the coupled upward 
and downward transitions of the two molecules must 
conserve energy and must have nonzero Franck- 
Condon factors. The product of separate integrals of 
the fluorescence and absorption spectra would miss 
these requirements even though it could capture the 
dependence of the rate on the two dipole strengths. 

The integral in the denominator of the expression 
for J normalizes the fluorescence amplitude so that 
F^ can be in any convenient units. If 6^ has the usual 
units of M“^cm~^ and v has units of cm“^ the overlap 
integral J will have units ofM“^cm^ The rate constant 
for resonance energy transfer then is given by 



here is the dipole strength for absorption and 
stimulated emission by molecule a (Z)^ = |/2^| ), 
is the same for molecule b, and k is a geometrical 
factor that depends on the orientations of the two 
transition dipoles, (k = cos 6 - 3 cos a cos (3, where 
6 is the angle between and and a and j8 are the 
angles that and make with R^^.) According to 
this expression for F, the rate of energy transfer will 
fall off with the sixth power of | ^^^1- 
Following the reasoning outlined above, T. Forster 
(1965) showed that the rate of resonance energy 
transfer between well-separated molecules can be 
related to the overlap of the fluorescence spectrum of 
the donor with the absorption spectrum of the 
acceptor, which is an easily measurable quantity. The 
quantity that is needed is an integral, J , that includes 
a frequency-dependent weighting factor to convert 
the acceptor’s dipole strength into a molar extinction 
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where and are the quantum yield and lifetime 
of fluorescence from molecule a in the absence of 
energy transfer, and | is in A. The ratio 
that appears in this expression is the donor’s intrinsic 
rate constant for fluorescence (k^ in Fluorescence 
Yield and Lifetime). 

To focus on the effect of the intermolecular distance 
(I I), the rate constant for resonance energy transfer 
often is written as 




Here is the intermolecular distance at which k^^ is 
equal to the overall rate constant for the decay of the 
excited state by all other mechanisms (1/ so that 
50% of the decay occurs by energy transfer. R^^ is 
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called the Forster radius. For energy transfer between 
two bacteriochlorophyll molecules, is on the order 

of 100 A. Using the above expression for is 
given by 

R^ = 9.80 X 10' (/<2 A/(M-i cm')^'^ 

Stryer and Haugland (1967) verified the depen- 
dence of the energy-transfer rate on the inverse sixth 
power of the distance by using polyproline scaffolds 
to position energy donors and acceptors at distances 
ranging from 12 to 46 A. They found the rate to vary 
as i^-5.9±o.3^ good agreement with the theory. 
Haugland et al. (1969) demonstrated that the rate 
was proportional to J over a 40-fold range of this 
parameter. 

Several additional points about the Forster theory 
warrant mentioning here. First, as discussed in 
Spectral Bandshapes and Dynamics, absorption and 
emission spectra can be broadened inhomogeneously 
by interactions of the chromophores with their 
surroundings. In principle, the spectra that enter into 
the overlap integral J should not be the inhomo- 
geneously broadened spectra of a large population of 
molecules, but rather the spectra for an individual 
donor-acceptor pair. The intermolecular distance | 
and the geometric factor also refer to an individual 
donor-acceptor pair. Averaging over an ensemble of 
donor-acceptor pairs with varying spectra or 
structures should be done at the level of not J , 
or K^. However, the distinction fades if the 
structures and spectra fluctuate rapidly on the time 
scale of energy transfer, and the correction may be 
negligible in many cases even if the fluctuations are 
slower. A second point to note is that the refractive 
index n that appears in the expressions for k^.^ and R^ 
refers to the medium surrounding the energy donor 
and acceptor, not to the medium in which the 
absorption and emission spectra are measured for 
the calculation of J . 

Finally, it is important to remember that the Fdrster 
treatment assumes that the donor and acceptor are 
sufficiently far apart for the point-dipole approxi- 
mation to be valid. (See Excitons for discussion of 
this point.) The Forster theory thus cannot necessarily 



be applied quantitatively to the closely packed 
pigments in photosynthetic reaction centers and 
antenna complexes, although it may provide 
considerable insight into how changing the absorption 
or emission spectrum or the arrangement of the 
chromophores would affect the transfer rate. For 
recent work on energy transfer in these systems, see 
Krueger et al. (1998), Scholes et al. (1999, 2001), 
Sumi (1999), Scholes and Fleming (2000) and 
Jordanides et al. (2001). 

B. Exchange Coupling 

Fdrster’s theory does not account for energy-transfer 
processes in which the donor and acceptor undergo 
changes of electron spin. Such changes of spin must 
occur in order for a molecule in an excited triplet 
state to transfer its excitation energy to an acceptor 
and decay to the ground singlet state, raising the 
acceptor from a singlet to an excited triplet state (see 
Singlet and Triplet States). These processes can occur 
by a mechanism known as exchange coupling, which 
was elucidated by D. L. Dexter (1953). In exchange 
coupling, the donor and acceptor exchange electrons. 
The donor transfers an electron (with fixed spin a or 
/3) to the acceptor, while the acceptor transfers an 
electron (also with fixed spin) to the donor. If the two 
electrons have the same spin, the donor and acceptor 
retain their original spin states. If the electrons have 
different spins, the result is an exchange of the spin 
states of the donor and acceptor, singlet for triplet 
and vice versa, along with a transfer of energy. 

In addition to allowing an exchange of spin between 
the two molecules, exchange coupling allows energy 
transfer to occur even when the transitions of the 
individual molecules are formally forbidden because 
they have very small dipole strengths. Whereas 
dipole-dipole coupling depends on the product of the 
two dipole strengths and as explained above, 
exchange coupling is independent of these para- 
meters. However, because the electron-transfer 
processes that drive exchange coupling require orbital 
overlap of the electron donor and acceptor, exchange 
coupling is significant only for molecules that are 
essentially in contact. For more widely separated 
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molecules, it is much slower than the Fdrster 
mechanism except possibly in cases when and 
are extremely small. Its main importance in photo- 
synthetic systems probably lies in the quenching of 
excited triplet states of chlorophylls and bacterio- 
chlorophylls by carotenoids. It also underlies reactions 
of O 2 with chlorophylls or bacteriochlorophylls in 
excited triplet states, which raise O 2 to an excited 
singlet state (see Singlet and Triplet States). 

C. Singlet-Singlet Annihilation 

Resonance energy transfer can occur between two 
molecules even if the acceptor, like the donor, is 
already in an excited singlet state (*5). In this case, 
the transfer promotes the acceptor to a higher excited 
state (e.g., which then usually decays quickly 
back to the lowest excited singlet state by internal 
conversion. The overall result of this sequence is 
degradation of one of the original electronic 
excitations into heat: 

'5, + >5, ^ ^ + '5, + heat 

This is cdiXltA singlet- singlet annihilation. Analogous 
triplet-triplet and singlet-triplet annihilation processes 
also occur. 

The hallmark of singlet-singlet annihilation is a 
very rapid component in the decay of fluorescence 
that increases in amplitude quadratically with the 
excitation irradiance. Because the two excited 
molecules must be in close proximity in order to 
interact, the probability of singlet-singlet annihilation 
depends on the size of the domain over which 
excitations can migrate by ordinary resonance energy 
transfer. Measurements of this effect have been used 
to probe the sizes and organization of photosynthetic 
antennas. For recent examples, see Westerhuis et al. 
(1998), Barzda et al. (2001) and Trinkunas et al. 
(2001). Measurements of singlet-triplet annihilation 
have been used similarly (Monger and Parson, 1977). 

XVI. Singlet and Triplet States 

Many experimental observations can be rationalized 



well by treating electrons and protons as point masses 
with no internal structure. However, observations on 
the effects of magnetic fields indicate that these 
particles have an intrinsic angular momentum or 
‘spin’ and an associated magnetic moment. If an 
electron is placed in an external magnetic field, the 
projection of its spin angular momentum on the axis 
of the field always takes on the value of ±hH. The 
positive and negative values can be described formally 
by two spin wavefunctions, a and jS, or more loosely 
as ‘spin up’ and ‘spin down.’ 

For most organic molecules in their ground state, 
the highest occupied molecular orbital (HOMO) has 
two electrons with antiparallel spins. Because we 
cannot tell which of these electrons has spin a and 
which has /3, the wavefunction for the ground state is 
written as a combination of the two possible 
assignments: 

Here is a wavefunction that depends on position, 
but not on spin, and the numbers in parentheses are 
labels for the electrons. The product i/^^( 1 ) 0^(2) means 
that both electrons have spatial wavefonction and 
a(j)p(k) means that electron j has spin wavefunction 
a while electron k has (3. The factors of I/V 2 
normalize the overall wavefunction. For simplicity 
we have omitted the time-dependent factor 
Qxp{AE^t/fi), where is the energy of the ground 
state. 

Note that as written above changes sign if the 
labels of the two electrons are interchanged. Wolfgang 
Pauli noted that the wavefunctions of all multi- 
electronic systems have this property. In other words, 
the overall wavefunction invariably is ‘antisymmetric’ 
for an interchange of the coordinates (both positional 
and spin) of any two electrons. This principle rests on 
experimental measurements of atomic and molecular 
absorption spectra: absorption bands predicted on 
the basis of antisymmetric electronic wavefunctions 
are seen, whereas absorption bands predicted on the 
basis of symmetric electronic wavefunctions are never 
observed. Its most important ramification is that a 
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given spatial wavefunction can hold no more than 
two electrons, which follows because electrons have 
only two possible spin wavefunctions (a and (3) and 
an electron can be described completely by specifying 
its spatial and spin wavefunctions. 

Suppose that a molecule with wavefunction is 
excited by light, so that an electron is promoted from 
the HOMO to the lowest unoccupied orbital (LUMO). 
If there is no change in the net spin of the system 
during the excitation, as is usually the case, the spin 
part of the wavefunction remains the same as for the 
ground state. But the complete wavefunction for the 
excited state must represent the two possible ways 
that electrons 1 and 2 can be assigned to the HOMO 
and LUMO, and again the wavefunction must change 
sign if the labels of the electrons are interchanged. A 
suitable expression is: 



|^«(l)i8(2)-^a(2))8(l)|, 



where is the spatial wavefunction for the LUMO. 
The choice of a + sign for the combination of the 
spatial terms in the first brackets insures that the 
overall wavefunction is antisymmetric for an 
exchange of the two electrons, since a negative sign 
is used in the second brackets. The state described by 
such a wavefunction is referred to as a singlet state 
because when the spatial wavefunction is symmetric 
there is only one possible combination of spin 
wavefunctions (the one written above) that makes 
the overall wavefunction antisymmetric. Singlet states 
often are indicated by a superscript ‘ 1 ’ as in 

If, instead, we choose the antisymmetric com- 
bination 
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for the spatial part of the wavefunction for the excited 
state, then there are three possible symmetric 
combinations of spin wavefunctions that make the 



overall wavefunction antisymmetric: 
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^V^^(1)V/,(2)-^i//^(2)v/,(1)|{A1)A^^^ 



3\j/+i^ 3xj/o 3XJ/-1 three excited triplet 

states corresponding to excited singlet state The 
triplet states usually have lower energies than the 
corresponding singlet state. This is a consequence of 
the different spatial wavefunctions, not the spin 
wavefunctions. The antisymmetric spatial wave- 
function spreads out over a larger region of space, 
decreasing the unfavorable interactions between the 
two electrons. The three triplet states usually have 
similar energies in the absence of an external magnetic 
field, but split apart in the presence of a field. 

The transition dipoles for transitions from the 
singlet ground state to excited triplet states are very 
different from the transition dipole for forming the 
excited singlet state. The transition dipoles for forming 
the triplet states are all zero, either because terms 
with opposite signs cancel or because each term 
includes an integral of the form (a(l)|/3(l)), which 
evaluates to zero. Excitations from the ground state 
to an excited triplet state therefore are formally 
forbidden. In practice, weak optical transitions 
between singlet and triplet states can be observed in 
some cases. Triplet states also can be created by 
intersystem crossing from excited singlet states. In 
most cases, intersystem crossing is brought about by 
coupling of the spin angular momentum with the 
local magnetic field due to orbital motion of the 
electrons. This is called spin-orbit coupling. 

Most of the photochemical reactions of chloro- 
phylls in solution occur from excited triplet states. 
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This is because excited triplet states typically have 
much longer lifetimes than the corresponding excited 
singlet states (tens or hundreds of microseconds as 
compared to nanoseconds), giving the excited 
molecule an extended opportunity to collide with a 
reaction partner such as O 2 . The initial electron- 
transfer steps of photosynthesis, however, do not 
depend on random collisions, and these reactions all 
occur from excited singlet states. Excited triplet 
states form only as side reactions, sometimes by 
intersystem crossing but more commonly by electron- 
transfer processes in the reaction centers. When a 
chlorophyll triplet state does form, the excited 
molecule can transfer an electron to O 2 to generate 
the superoxide radical (O 2 O? which then can 
participate in a variety of destructive reactions with 
other cellular components. In addition, O 2 is unusual 
in that its ground electronic state is a triplet state 
while its lowest excited state is a singlet state. Transfer 
of energy and spin from triplet chlorophyll can raise 
O 2 to the excited singlet state, which again can 
initiate a variety of destructive reactions such as 
oxidation of unsaturated lipids. Carotenoids serve to 
protect photosynthetic antennas and reaction centers 
from these processes. Energy transfer to a carotenoid 
from triplet chlorophyll puts the carotenoid in an 
excited triplet state, but this lies too low in energy to 
drive formation of either superoxide or singlet O 2 . 
The carotenoid decays quickly to the ground state 
with the release of heat. 

The relatively long lifetimes of triplet states reflect, 
in part, the need for spin-orbit coupling to drive the 
conversion to the singlet ground state. However, the 
decay of the triplet state usually is much slower than 
the formation of this state by intersystem crossing 
from an excited singlet state, even if this also requires 
spin-orbit coupling. This is because the energy gap 
between the triplet state and the ground state usually 
is greater than the gap between the excited singlet 
state and the triplet state. The extra energy must be 
converted into highly excited vibrational modes of 
the molecule in the ground state. As discussed under 
Internal Conversion, the rate of this process falls off 
steeply as the energy gap increases. 



XVII. Spectral Bandshapes and Dynamics 

A. Vibronic Transitions 

If a molecule in an excited state undergoes a 
conversion to some other state with a time constant r, 
the energy of the excited state will have an uncertainty 
of at least fi/r. This relationship can be derived by 
expressing the wavefunction of the transient state as a 
sum of wavefunctions for states with a distribution of 
energies (Atkins, 1 993). The uncertainty in the energy 
manifests itself as a broadening of the absorption 
spectrum for creating the excited state: the shorter 
the time constant, the larger the absorption bandwidth. 
However, a measurement of the bandwidth does not 
necessarily allow one to determine the time constant, 
because the shapes and widths of electronic 
absorption and emission spectra also depend on the 
coupling of vibrational and electronic transitions 
and on the interactions of the chromophores with 
their surroundings. Let us first consider the 
contributions of vibrational transitions. 

The complete wavefunction for a molecule includes 
nuclear wavefunctions in addition to electronic 
wavefunctions. Because electrons are much lighter 
than the nucleus, they move much more rapidly. We 
therefore can view the electrons as moving in an 
electric field of static nuclei, and the nuclei as moving 
in an average field of the electron cloud. This allows 
us to make the so-called Born-Oppenheimer 
approximation, in which the combined wavefunction 
is written as a product of separate wavefunctions for 
electrons and nuclei: 

where r and R represent the electronic and nuclear 
coordinates, respectively. A combination of an 
electronic wavefunction and a particular nuclear 
wavefunction is termed a vibronic level. The Born- 
Oppenheimer approximation turns out to be 
acceptable for most molecules. This is especially 
important in spectroscopy, because it allows us to 
assign spectroscopic transitions as being primarily 
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electronic, vibrational or rotational in nature. It also 
helps to clarify how the shape of an electronic band 
depends on temperature and on the nuclear 
wavefunctions of the ground and excited electronic 
states. 

For a diatomic molecule in a particular electronic 
state, the potential energy term in the nuclear 
Hamiltonian is approximately a quadratic function 
of the distance between the nuclei, with a minimum 
at the mean bond length. This Hamiltonian gives a 
set of nuclear (or vibrational) wavefunctions with 
equally spaced energies, Ej = (7 + — )Au, where v is 
the classical bond vibration frequency (see Infrared 
Spectroscopy). These are the harmonic oscillator 
wavefunctions. 

Consider a transition from a given vibronic level 
of the electronic ground state, yfg{r)Xj(R), to a 
particular level of the electronic excited state, 
¥e(^)Xk (^) • transition involves a change from 
vibrational wavefunction Xj to Xk addition to a 
change from electronic wavefunction to 
However, the electronic and nuclear parts of the 
transition dipole usually can be separated, because 
the nuclei are essentially frozen in position during 
the excitation. This is known as the Franck principle. 
It also usually proves safe to make the Condon 
approximation that the electronic transition dipole is 
insensitive to small changes in the nuclear coor- 
dinates. With these assumptions, the overall transition 
dipole, Fe.k^gj, is the product of a nuclear overlap 
integral l^Xj\Xi}j electronic transition dipole 

that is averaged over the nuclear coordinates. The 
contribution that a particular vibronic transition 
makes to the overall dipole strength of an absorption 
band depends on j | , and thus on the square of 
the nuclear overlap integral, in addition to 

the square of the electronic transition dipole. The 
square of the overlap integral is called a Franck- 
Condon factor. These factors can be calculated by 
standard formulas for the harmonic oscillator 
wavefunctions (Manneback, 1951). 

The individual vibrational wavefunctions for a 
given electronic state are orthogonal, which means 
that {Xk\Xk) = 1 and {Xj\Xt) = 0 for ally k (see 
Wavefunctions). Therefore, if the nuclear potential 



energy surfaces are the same in the ground and 
excited electronic states, as shown in Fig. 12a, only 
transitions between corresponding vibrational levels 
have non-zero Franck-Condon factors, and these all 
have the same energy. But if the electronic excitation 
shifts the minimum of the potential energy surface 
along the vibrational coordinate, as is likely since it 
changes the electron distribution in the molecule, 
{Xj\Xk) can be non-zero for j ^ k. The absorption 
spectrum then will include a family of vibronic 
transitions with different energies, as illustrated in 
Fig. 1 2b. The transition between the lowest vibrational 
levels of the two electronic states is called the 0-0 
transition. At low temperatures, almost all the 
molecules in the electronic ground state will be in 
the lowest vibrational state (thQ zero-point state), and 
transitions from this state to various vibrational levels 
of the excited state will contribute a shoulder on the 
higher-energy (blue) side of the absorption spectrum. 
At higher temperatures, some molecules will be in 
higher vibrational levels of the ground state and will 
contribute shoulders on both the blue and the red 
sides of the spectrum. Coupled vibrational transitions 
of solvent molecules will contribute additional, broad 
‘phonon wings’ to each vibronic line. 

As we discuss in Infrared Spectroscopy, all but the 
very simplest polyatomic molecules have multiple 
vibrational modes. To a first approximation, the 
overall vibrational wavefunction can be written as a 
product of the vibrational wavefunctions for the 
individual modes. The overall Franck-Condon factor 
for a transition then is simply a product of the 
Franck-Condon factors for all the separate modes. If 
we are interested in a sample with molecules in a 
distribution of nuclear states, the effective Franck- 
Condon factor usually represents a Boltzmann 
(thermal) average over this distribution. 

6. Homogeneous and Inhomogeneous 
Broadening 

As mentioned above, absorption spectra are 
broadened by several additional effects. First, there 
is lifetime broadening brought about by the finite 
lifetime of the excited vibronic state and the time- 
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Fig. 12. Vibronic transitions, (a) If the nuclear potential energy surfaces are the same in the ground and excited electronic states, only 
vibronic transitions between corresponding vibrational levels have non-zero Franck-Condon factors, and the transitions starting in 
various levels all have the same energy, (b) If the nuclear potential energy surface is displaced in the excited state, vibronic transitions 
between different vibrational levels have non-zero Franck-Condon factors and the absorption spectrum includes a family of lines with 
different energies. 



energy uncertainty relation (AE ~ h/r). High- 
frequency fluctuations of the interactions of the 
molecule with its surroundings also can cause the 
energy gap between the excited and ground states to 
fluctuate rapidly, broadening the absorption line. 
These two effects contribute homogeneous broad- 
ening, which is similar for all the molecules in a 
sample. Inhomogeneous broadening occurs when 
slowly varying interactions with the surroundings 
give the individual molecules different transition 
energies. Absorption bands with significant contri- 
butions from charge-transfer transitions are particularly 
sensitive to local electric fields from the surroundings. 
In most cases, the broadened vibronic absorption 
lines smear together to give a broad spectrum that 
cannot be resolved cleanly into its individual 
components. However, individual absorption lines 
from molecules in different environments sometimes 
are well resolved at low temperature. Similar 
considerations apply to the shapes of fluorescence 
emission spectra. 

C. Spectral Hole Burning 

The contributions of homogeneous and inhomo- 



geneous broadening and phonon wings to individual 
absorption lines can be resolved by the technique of 
spectral hole burning, in which a sample is illuminated 
continuously by a narrow-band laser at a very low 
temperature (typically < 4 K) and the absorption 
spectrum is measured. Molecules that absorb at the 
laser frequency are excited selectively. The excited 
molecules then either undergo a reaction, giving rise 
to a product with a different absorption spectrum 
{photochemical hole burning) or return to the ground 
state with a slightly modified configuration or 
environment, again resulting in a change in absorption 
spectrum {nonphotochemical hole burning). Contin- 
ued illumination of an inhomogeneous sample 
depletes the population of molecules that absorb at 
the laser frequency, ‘burning’ a trough or ‘hole’ in 
the absorption spectrum. The width of the hole at the 
0-0 transition energy (the zero-phonon hole) provides 
a measure of the homogeneous broadening, and 
sometimes can be related to the dynamics of electronic 
transitions of the excited state. (The energy of the 
zero-point state can be broadened by electronic 
transitions, but not by vibrational relaxations.) The 
relative depths of holes for other vibronic transitions 
provide information on the Franck-Condon factors 



116 



William W. Parson and V. Nagarajan 



and thus on the displacement of excited-state potential 
energy curve relative to the ground state. The strength 
of phonon side-bands provides information on 
interactions of the excited molecule with its 
surroundings. Small and his colleagues have applied 
these techniques to a variety of antenna complexes 
(Hayes et al., 2000; Jankowiak et al., 2000; Matsuzaki 
et al., 2000, 2001; Pieper et al., 2000; Ratsep et al., 
2000; Wu et al., 2000; Reinot et al., 2001). 

Closely related to hole burning is the technique of 
fluorescence line-narrowing spectroscopy, in which 
the fluorescence spectrum corresponding to the hole 
in the absorption spectrum is measured. For an 
application of this method to antenna complexes, see 
Wendling et al. (2000). 

XVIII. Spontaneous Fluorescence 

A. The Einstein A and B Coefficients 

When an absorbing sample is exposed to continuous 
light, the steady-state rate at which atoms make 
transitions from the ground state to the excited state 
(rate^^^) can be expressed in terms of the number of 
atoms in the ground state (N^), the dipole strength (D) 
and the incident irradiance. Einstein’s inquiry into 
the rate constants for these processes helped to clarify 
the distinction between stimulated emission, which 
is just the reverse of absorption, and the decay of 
excited states hy spontaneous fluorescence. Einstein 
expressed the irradiance in terms of the energy density, 
p{v) (see Electromagnetic Radiation). For the rate of 
excitation, he obtained 

rate^^^ = BpN^, 

where B = InDj 3n^h^. Similarly, the rate of down- 
ward transitions by stimulated emission is 

rate^^^^ = BpN^, 

where TV, is the number of excited molecules. The 
rate constant B is often called the Einstein B 
coefficient. 



These expressions suggest that the ratio of atoms 
in the excited and ground states, NJN^, would go to 
1 at thermal equilibrium, when the rates of upward 
and downward transitions must balance (rate^^^ = 
rate^^ffi But this is clearly incorrect: at equilibrium, 
NJN^ should be given by the Boltzmann expres- 
sion N^j Ng = exp^- jk^ T | . There must be 
another decay mechanism that is independent of the 
light intensity. If excited atoms can fluoresce 
spontaneously with rate constant A (the Einstein A 
coefficient), the total rate of downward transitions 
will be 

rate^^^ = BpN^ + AN^. 

An expression for ^ can be obtained by imagining 
that the absorbing and emitting species are in a 
windowless box, in equilibrium with the ‘black- 
body’ radiation from the walls of the box. The energy 
density of black-body radiation can be related to the 
temperature of the walls, using an expression derived 
by Planck. If we incorporate this expression for p{v) 
in the above equations for rate^^^ and rate^^^, it 
follows that ^ is directly proportional to B, and hence 
to D. The relationship is: 

A = Snfin\^c^^B = ’iln^nDl'ihX’ 

This result has several implications. First, since A 
is proportional to D, strong absorbers are inherently 
strong fluorescers. Secon4 other things being equal, 
the rate constant for fluorescence decreases with the 
cube of the wavelength. Molecules like chlorophyll 
and bacteriochlorophyll, which absorb and fluoresce 
in the red or near-IR region of the spectrum, thus 
should be less fluorescent than molecules with similar 
dipole strengths in the blue or UV. (The ratio of the 
molar absorption coefficient to the dipole strength 
also depends on the wavelength, but not so strongly. 
See Dipole Strength for more on this point.) 

The reciprocal of Einstein’s A coefficient is the 
natural radiative lifetime {r^ for fluorescence. If the 
excited state decayed solely by fluorescence, then the 
population of excited molecules created by a short 
excitation flash would decrease exponentially with a 
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time constant of IM: 

NXt) = K thr] = C exp[-t a] , 

where is the population at zero time. The observed 

decay usually is faster than this (i.e., the measured 
fluorescence lifetime is less than r^) because other 
decay mechanisms operate in parallel with fluores- 
cence (see Fluorescence Yield and Lifetime). The 
lifetime and intensity of the observed fluorescence 
are, therefore, not predictable from the magnitude of 
A alone. 

Although the foregoing arguments show that 
‘spontaneous’ fluorescence must occur, they do not 
say anything about the underlying mechanism of this 
process. In the quantum theory fluorescence is not 
really spontaneous, but rather results from interactions 
with the ‘zero-point’ level of the radiation field. As 
described in Electromagnetic Radiation, the quantum 
states of light have energies Ej={j+\l2)fiv, where the 
integer j is the number of photons in the field. The 
zero-point level refers to j = 0 and = {\l2)ftv. 
Interactions of an electromagnetic field in this state 
with an excited molecule can cause the molecule to 
fluoresce, resulting in an increase in the number of 
photons in the field from 0 to 1 . 

B. The Strickler-Berg Equation 

So far, we have considered a system that absorbs and 
emits at a single frequency. The electronic absorption 
and emission bands of molecules are broadened by 
coupling to vibrational transitions and by hetero- 
geneous interactions with the surroundings. Einstein’s 
treatment was extended to such systems by Strickler 
and Berg (1962), who obtained the expression 

1 , SOOOlnlOncn^ c e , 

— = A- z= —Av, 

where 



- f Fv“Vv 

. 

fdv 

In these expressions, F(A) or F(V) is the 
fluorescence emission intensity at wavelength A or 
wavenumber V. The integral is taken over 

the molecule’s absorption band, andjs proportional 
to D (see Dipole Strength). The factor is an average 
of the A^ over the fluorescence emission band, and 
takes the place of the A^ in the expression relating 
Einstein’s A coefficient to D. 

The Strickler-Berg expression assumes that thermal 
equilibration of the excited molecule with its 
surroundings occurs rapidly relative to the fluores- 
cence lifetime. Although this assumption is not strictly 
valid in photosynthetic antennas or reaction centers, 
or even for chlorophylls in solution, the errors in the 
calculated values of probably are relatively minor. 

Ross (1975) showed that the left side of the 
Strickler-Berg equation also should include the ratio 
of the vibrational partition functions of the ground 
and excited states. In the case of bacteriochlorophyll, 
this factor appears to be close to 1 (Becker et al., 
1991), and we have omitted it here for simplicity. 

C. Stokes Shifts 

After a molecule is excited, the excess vibrational 
and rotational energy is lost to the environment very 
rapidly (usually within a few picoseconds). The 
excited state also may be stabilized by electronic and 
nuclear rearrangements of the solvent or protein 
environment. Consequently, the fluorescing state is 
lower in energy than the initially produced state and 
the fluorescence spectrum is shifted to longer 
wavelengths relative to the absorption spectrum. 
This shift to the red is termed the Stokes shift. It can 
be resolved temporally after excitation with a short 
flash, providing information on the dynamics and 
energetics of interactions of the excited molecule 
with its surroundings. The dynamics of the Stokes 
shift typically are multiphasic and can extend from 
subpicosecond to nanosecond or even microsecond 
time scales in viscous media. 
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XIX. Time-Resolved Spectroscopy 

A. Time-Resolved Fluorescence 

Although the rates of excited-state reactions can 
sometimes be inferred from spectral bandwidths or 
steady-state fluorescence anisotropy (see Linear 
Dichroism and Fluorescence Anisotropy), time-resolved 
measurements are the least ambiguous way of 
obtaining such information. Time-resolved measure- 
ments can be made of either fluorescence emission 
or changes in light absorption. 

There are several ways of resolving the dynamics 
of excited-state emission, and the choice of technique 
depends mainly on the time resolution required. In 
the most straightforward technique, the sample is 
excited with a short pulse of light and emission 
perpendicular to the excitation direction is captured 
with a photodiode interfaced to an oscilloscope or 
digitizer. The wavelength at which the emission is 
detected can be selected with dichroic filters or a 
monochromator. If the emission is weak, a detector 
with a large gain such as a photomultiplier tube 
(PMT) or avalanche photodiode can be used. The 
response time of the detector and digitizer typically 
is a nanosecond or longer, which is comparable to the 
decay time of excitations in photosynthetic antenna 
complexes. This approach therefore has only limited 
applications in studies of antenna complexes. 

A commonly used technique with a higher time 
resolution is time-correlated single-photon counting. 
Here, the sample is excited with a train of short 
pulses and the emission at a selected wavelength is 
detected with a fast PMT or a microchannel plate 
(MCP) detector. The MCP is an array of thin 1 0 pm 
in diameter) capillaries (‘channels’), each of which 
is subject to a large voltage gradient along its length. 
A photon incident on the detector ejects an electron 
that dislodges additional electrons as it travels down 
one of the channels. The short transit distance and 
the small cross section of the channel ensure that the 
response time and the spread in transit times are very 
short (~ 1 50 ps and ~ 25 ps, respectively, for currently 
available detectors). In the photon-counting 
technique, the excitation and emission intensities are 



attenuated until no more than a single emission 
photon is detected for each excitation pulse. The 
time at which the photon is detected relative to the 
excitation is measured, and a histogram is constructed 
of the number of photons detected as a function of 
this delay. The histogram is the transient profile of 
interest. Although a 10-ps wide input pulse is 
broadened to a 150-ps transient by the MCP and the 
detection electronics, a mathematical deconvolution 
procedure allows transients with rise or fall times as 
short as 30 ps to be measured reliably. Because this is 
a photon-counting technique, the signal/noise ratio 
is well characterized and goes as V , where TV is the 

number of photons counted. If TV is sufficiently large, 
very small changes in the emission kinetics can be 
resolved. 

In another technique, the sample is excited 
continuously with light whose intensity is modulated 
sinusoidally at a high frequency, typically on the 
order of 100 MHz, and the fluorescence signal is 
measured continuously. The fluorescence lifetime 
can be calculated from the phase shift of the 
fluorescence signal relative to the excitation, or from 
the relative amplitude of the modulation of the 
fluorescence. 

Sub-picosecond time resolution of fluorescence 
can be achieved with a streak camera. Photons 
reaching the streak camera eject electrons from a 
photocathode. The electrons are accelerated and made 
to traverse a time-varying electric field between a 
pair of deflection plates. Electrons are deflected by 
varying angles, dependent on their time of arrival at 
the plates. Photoelectrons corresponding to the tail 
end of the fluorescence emission arrive later than 
those corresponding to the early part of the emission, 
for example. The deflected electrons reach a phosphor 
screen target, and the glow pattern on the screen is 
recorded. The temporal emission signal is thus 
converted to a spatial signal and the relationship 
between the two signals is determined by the shape 
of the time-varying field applied to the deflection 
plates. Time resolutions as high as 200 fs have recently 
been achieved with this technique. A disadvantage, 
in addition to the high cost of the instrumentation, is 
that streak cameras usually require a low-repetition 
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rate and high excitation irradiance. In photosynthetic 
antennas, high excitation intensities lead to singlet- 
singlet annihilation (see Resonance Energy T ransfer), 
complicating the data analysis. For a recent study of 
an antenna system by this technique, see Gobets et 
al. (2001). 

The method with the highest time resolution is a 
nonlinear optical method, in which the fluorescence 
signal is sampled by mixing with a ‘gate’ light pulse. 
The time resolution is determined mainly by the 
widths of the excitation and gate pulses, so that with 
femtosecond light pulses the time resolution is also 
in the femtosecond range. The emission from a thin 
sample is collected and focused along with the gate 
pulse onto a nonlinear crystal. The combined electric 
fields of the two pulses interact with the electrons of 
the crystal to generate a new radiation field at the 
sum of the frequencies of the two incident fields. 
This process is known as fluorescence upconversion. 
If the strength of the gate pulse is fixed, the intensity 
of the upconverted light is proportional to the emission 
light irradiance. Because polarization of the electrons 
of the crystal is essentially instantaneous, a necessary 
condition for upconversion is that the two fields be 
present simultaneously in the crystal. Typically, the 
arrival time of the gate pulse is swept across the 
temporal profile of the emission, and the irradiance 
of the upconverted light is plotted as a function of the 
time delay. The timing of the gate pulse is controlled 
with a motorized delay stage, which typically consists 
of a retro-reflecting mirror atop a linear slide. The 
gate beam ray entering the retroreflector is reflected 
back parallel to the incident ray but with a horizontal 
displacement, and is steered to the nonlinear crystal. 
By virtue of the fixed speed of light in air and the 
folded path of the beam along the delay stage, a 
movement of 1 .5 pm of the stage changes the timing 
of the gate pulse by 10 fs. With high-quality slides 
and linear movements, a resolution of better than 1 fs 
is attainable. Wavelength selection is accomplished 
with a spectral filter after the nonlinear crystal and by 
tuning the angle of the crystal relative the incident 
beams. Fluorescence upconversion has been used 
extensively to study energy transfer in reaction centers 
and antenna complexes (Jimenez et al., 1996; King 
et al.,2000, 2001). 



B. Time-Resolved Absorbance Changes 

In time-resolved absorption spectroseopy, the sample 
is excited with a short pulse of light and changes in 
its absorbance are measured as a function of time. As 
in fluorescence, the simplest method for studying 
time-resolved absorption also has the lowest time 
resolution. A weak ‘probe’ beam and an excitation 
flash are crossed in the sample, the probe beam is 
detected after the sample with either a PMT or a 
photodiode, and the signal is recorded with an 
oscilloscope or digitizer. A crucial difference between 
emission and absorption techniques is that the former 
gives a background- free signal. In absorption, we 
usually detect a small change superimposed on a 
large background signal that must be subtracted 
electronically. The probe beam can also be pulsed 
such that it lasts only for the duration of the time scan 
of interest. An intense burst of probe light is 
advantageous in sub-microsecond measurements 
because a continuous beam provides too few photons 
during short time intervals. 

Picosecond or femtosecond time resolution can be 
achieved with a flump-probe' sampling technique 
similar to fluorescence upconversion. The pump and 
the probe beams are both comprised of short pulses 
that typically are derived from the same laser source. 
The time delay between the two pulses is varied by 
sending one of them through a delay stage. The 
change in the irradiance of the transmitted probe 
pulses is obtained as a function of the delay, giving a 
direct measure of the time-dependent transmittance 
change. 

In contrast to emission spectroscopy, there are 
several different contributions to the signal in 
absorption spectroscopy: an increase in transmittance 
due to loss (‘bleaching’) of ground-state absorption, 
a transmittance decrease due to the development of 
excited-state absorption, and an apparent trans- 
mittance increase due to stimulated emission from 
the excited state. Stimulated emission occurs because 
the probe beam induces emission from the excited 
molecules and carries the emitted photons with it 
(see Spontaneous fluorescence). The relative 
contributions of these different components depend 
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on the sample and vary with detection wavelength. If 
the pump and probe pulses arrive at the sample 
simultaneously, the sample facilitates an interaction 
between the pump and the probe pulses such that 
additional, nonlinear signals are seen. These so- 
called ‘coherence artifacts’ last approximately for 
the duration of the temporal overlap. Usually, only 
the signals seen after the coherent signals have 
decayed are considered for analysis. 

When the pump and the probe pulses are identical 
in wavelength and no spectral filtering is applied to 
the probe pulses, measurements of time-resolved 
changes in transmittance and stimulated emission 
are often called ‘one-color’ pump-probe spectroscopy. 
However, the wavelength spectrum of short light 
pulses can be very broad. A 1 5-fs pulse at 800 nm has 
a spectrum with significant intensity over a range of 
about 100 nm. Changes in transmittance at specific 
wavelengths therefore can be measured by sending 
the probe pulse through a monochromator or tunable 
spectral filter after the sample. A three-dimensional 
spectrum of transmittance plotted against time along 
one axis and wavelength along another can be very 
informative. This method has been called ‘pseudo 
two-color’ pump-probe spectroscopy, and has been 
applied with great success to the study of antenna 
complexes. By using a photodiode array to detect the 
dispersed probe light, signals at several hundred 
wavelengths can be recorded simultaneously, 
reducing the data collection time tremendously. 

Focusing a short, intense light pulse into a liquid 
or glass can generate a short pulse called a white- 
light continuum that spans the 400-1000 nm range. 
Using such a continuum as a probe pulse makes 
possible true ‘two-color’ time-resolved spectroscopy. 

Another variation of pump-probe spectroscopy is 
to examine how the delay between the pump pulse 
and an equally intense probe pulse affects some third 
property of an excited state, such as the yield of 
spontaneous emission (Nagarajan and Parson, 2000). 
Such techniques may have some advantage over 
conventional measurements of emission dynamics, 
but have not yet been widely applied. 

Time-resolved emission and absorption anisotropy 
measurements have been used extensively in studies 



of energy-transfer kinetics in antenna complexes. If 
the molecules in a sample are randomly oriented, a 
linearly polarized excitation beam selectively excites 
molecules whose transition dipoles are oriented along 
the polarization direction (see Linear Dichroism and 
Fluorescence Anisotropy). The emission and absor- 
bance signals with polarizations parallel and 
orthogonal to the excitation polarization can be used 
to construet the time-dependent anisotropy signal. 
The anisotropy can be used to explore the dynamics 
of depolarization by energy transfer and the spatial 
distributions of the dipoles at intermediate stages of 
depolarization (Nagarajan et al., 1999). 



XX. Transition Dipoles 

A. Definition and Interpretation 

The electric transition dipole is the fundamental 
molecular parameter that determines the strengths of 
most optical absorption bands. It also underlies linear 
dichroism, the dependence of absorbance on the 
polarization of the light relative to the molecular 
orientation. The dipole strength of a spectroscopic 
transition is the square of the magnitude of the 
transition dipole. 

Classically, the electric dipole (/2) of a set of 
charges located at discrete points is a vector 
( Mx ^ l^y > l^z ) X, y and z components defined by 



where q. and x. are the charge and x-coordinate of 
charge i, and similarly for Py and For continuous 
distributions of charge, we can replace the sum by an 
integral over all space; 






J J J 



or 



= J J J q(r )r dxdydz = J q(r )r 



dr , 
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where r is a vector from the origin of the coordinate 
system to a given point (r = (x,y,z)). 

Now consider a molecule that has two electronic 
states, a ground state with wavefunction and an 
excited state with wavefunction ijj^. The transition 
dipole, , for excitation of an electron from to 

is the vector 

where e is the charge of an electron. In the bra-ket 
notation (see Mathematical Tools), this is written 

A transition dipole is an integral over all space of 
a product of three quantities: the position vector ( r ) 
and two different wavefunctions and As 
discussed in Wavefunctions, both and depend 
on time as well as position. includes the 
fsictov exp{j-iE gt / where is the energy of the 

ground state, and '4^^* includes the factor 
exp[iEj / /z), where E^ is the energy of the excited 
state. The transition dipole, therefore, is 

= e ('P, |?| ) = e (i//, |f| ) exp^[E^. - ) r/fi} , 

where and ip^ are the spatial parts of the 
wavefunctions. The factor exp^i^E ^ - E ^t / 
oscillates with time at a frequency proportional to 
the energy difference between the two states. 
Transition dipoles differ in this respect from the 
electric dipole of the system in either the ground or 
the excited state. These ‘permanent’ dipoles are 
given by = e{^g\r\"yg) = e(ii/^\r\ii/^) and 

~ H^e)? which are independent 

of time. The transition dipole can have a non- 
zero magnitude even if |/i^| and |/i^| are both zero, 
and vice versa. 

The transition dipole also should be distinguished 
from the change in dipole that accompanies the 
excitation. This ‘difference dipole’ is Ap = jl^ - jl^ = 
l^l^g)’ which again is independent 
of time. The transition dipole can be viewed as an 
actual oscillating electric dipole associated with a 



‘superposition’ state that consists of a linear 
combination of the ground and excited states. 

As mentioned above, the dipole strength of a 
transition is the square of \fie^g\- The relationship 
between the transition dipole and the rate of 
absorption of light can be derived by starting with 
the wavefunctions that are solutions to the Schro- 
dinger equation for the absorber in the absence of 
light, and treating the oscillating radiation field as a 
perturbation to the Hamiltonian (see Wavefunctions). 
If the external field oscillates at frequency \E^-Ep^l ft, 
the field can interact with the oscillating transition 
dipole and induce transitions between the two states. 
The interaction energy is given by the dot product 
• E , and the rate of transitions is proportional to 
.In this semi-classical picture, the resonance 
condition for absorption {fiv = A£) is satisfied when 
the radiation field and the transition dipole oscillate 
at the same frequency. If the oscillations differ in 
frequency, the interaction energy will fluctuate 
between positive and negative values and will average 
to zero. 

Because of the oscillatory time-dependent factor 
exp^ {^E^ - ^ , the absolute sign of the spatial 

part of a transition dipole is immaterial. Indeed, 
rotating a molecule by 180° will not affect any 
measurable spectroscopic properties as long as it 
does not alter the interactions of the molecule with 
its surroundings. Transition dipoles thus can be 
viewed as double-headed vectors. Note that the 

electric field of light {E) also oscillates rapidly back 
and forth along the polarization axis, and that the 
strength of the absorption depends only on the square 
of • E , not the sign of pi ^^^ . E at any particular 

time. Perhaps for this reason, discussions of transition 
dipoles often refer only to the spatial factor 
e(\l/g \l^\¥g) neglect the time-dependent factor. 

Magnitudes of transition dipoles, like those of 
permanent dipoles, usually are given in units of 
debyes (1 debye = 10“'^ esu cm = 3.336 X 10“^^ 
coulomb m). Because the charge of an electron is 
-4.803 X 10“*^ esu and 1 A = 10“^ cm, the dipole 
associated with a pair of positive and negative 
elementary charges separated by 1 A has a magnitude 
of 4.803 debyes. 
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B. Theoretical Evaluations of Transition 
Dipoles 

To illustrate the theoretical evaluation of a transition 
dipole, consider the simple quantum mechanical 
model of an electron in a one-dimensional box. 
Figure 13 shows the spatial wavefunction of the 
ground state (i//q) and the first two excited states 
and (// 2 ) of this system. Since we have only one 
positional coordinate (x), the transition dipole vector 
(if nonzero) must be oriented along this axis and we 
need only evaluate the integral e(ii/^ |x| xi/q ^ to obtain 
or e(}i/^\x\\i/g^ for Inspection of the 

figure shows that must be zero. This is because 
i /^2 and i//q have the same symmetry about x = 0: the 
product i//2(x)i//o(x) for any given value of x is the 
same as (//2(-x)i/^o(-x). The positional coordinate x, 
however, changes sign at zero, so that the product of 
X with iIj2(x)iIjq(x) for any x > 0 is opposite in sign to 
the corresponding product for x < 0. The integral of 
this product over all x must, therefore, be zero. An 
excitation for which the transition dipole is zero or 
very small is said to be ‘forbidden.’ 

The situation is different for because and 
ijjQ have different symmetries: changes sign at x = 

0. The product of x with iJj^(x)iIjq(x) thus has the same 
sign for corresponding positive and negative values 
of X, and its integral over all x is non-zero. An 
excitation with a non-zero transition dipole is said to 
be ‘allowed.’ Depending on the magnitude of the 
transition dipole, an excitation also can be described 
as ‘strongly’ or ‘weakly’ allowed. Strongly allowed 
transitions typically have transition dipoles between 
1 0 and 1 00 debyes. Forbidden transitions can become 
weakly allowed as a result of structural distortions or 
as a result of interactions with the magnetic field of 
light. 

Although the foregoing discussion might suggest 
otherwise, shifting the origin of the coordinate system 
does not affect the magnitude of a transition dipole. 
This follows from the fact that the wavefunctions are 
orthogonal, which means that (Wb\Va) ~ ® for any 
pair of nonidentical eigenfunctions and of the 

same Hamiltonian (see Wavefunctions). Shifting the 
origin of the coordinate system by an arbitrary 




-1 0 1 



Fig. 13. Spatial wavefunctions for a particle in a one-dimensional 
box of length 2L with infinitely high walls. iJjq is the ground-state 
(lowest-energy) wavefunction; ij/^ and ip 2 , the lowest and next 
lowest excited states. Outside the box (x < L or x > L, shaded 
areas), the wavefunctions are zero. Note that the number of times 
the wavefunction passes through zero inside the box increases 
progressively with the energy of the corresponding state. 
Wavefunctions ^ 2 ’ ^ 4 ’ ••• ‘even’ or ‘gerade’ symmetry 
about X = 0, while wavefunctions i//i, ... have ‘odd’ or 

‘ungerade’ symmetry. 

constant vector R simply adds a term of the form 
eRlpi/^ to the transition dipole, and the integral 
in this term is zero as long as the wavefunctions are 
orthogonal. 

The transition dipole e^i/ri|x|i/ro^ for an electron in 
a box has dimensions of charge times length (esu 
cm), and its magnitude is proportional to the length 
of the box. In general, the magnitude of a transition 
dipole increases with the size of the molecular orbitals 
of the ground and excited states. Molecules such as 
chlorophylls and carotenoids, which have highly 
extended ;r-electron systems, thus are stronger 
absorbers than molecules with more localized 
electrons. 

Transition dipoles can be calculated for a molecule 
with ;r electrons by writing the spatial wavefunctions 
as linear combinations of atomic p orbitals: 
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/=1 

where w. represents an atomic p orbital on atom i and 
the sum runs over all the conjugated atoms. The 
coefficients ( Cf ) can be found by standard quantum- 
mechanical treatments. The transition dipole then is 
given, to a reasonable approximation, by 

/-I 

where r. is the position of atom i. The factor of ^^2 
in this equation enters because the HOMO usually 
has two electrons with antiparallel spins, and there 
are two possible ways of assigning these electrons to 
i//g and 0-g in the excited state. We assume here that the 
spins remain antiparallel, which means that excited 
state is a singlet state. 

As an example, consider ethylene. The highest 
occupied molecular orbital (HOMO) of ethylene has 
a ;r-type wavefunction that can be approximated as 



This result shows that the transition dipole for 
raising ethylene to its lowest excited singlet state is 
directed along the C=C bond, just as the transition 
dipole for an electron in a one-dimensional box is 
parallel to the box. Also, as we noted for an electron 
in a box, the transition dipole for ethylene is predicted 
to be proportional to the length of the ;r-system 
(I There is, however, a limit to this proportion- 
ality. If the molecule is stretched much beyond the 
mean length of a C=C bond, the description of the 
molecular orbitals as symmetric and antisymmetric 
combinations of atomic p orbitals begins to break 
down, and the electrons localize on one atom or the 
other. In the limit of widely separated atoms, the 
wavefunction coefficients become Cf = ±1, = 0, 

Cl =0, and Cl = +1 ; the transition dipole then goes 
to zero because the products CfCf and C^Cl are 
both zero. 

XXI. Wavefunctions 

A. Wavefunctions, Operators and Expectation 
Vaiues 









1 




where and U 2 are atomic p^ orbitals of carbons 1 
and 2, respectively. The lowest unoccupied molecular 
orbital (LUMO) can be represented similarly as 



1 1 

W e ~~ ^2 . 

V2 V2 

The HOMO is a bonding orbital, while the LUMO is 
antibonding. The transition dipole for this pair of 
orbitals is 



Me. 




J 1 __ 




where er ^2 is the vector from carbon 2 to carbon 1 . 



One of the fundamental notions of quantum 
mechanics is that we can describe a particle such as 
an electron, or in principle any system, by a 
mathematical function of position and time 
(or T(r,^)). This function is called the 
particle’s wavefunction. The wavefunction is 
interpreted as the probability amplitude that the 
particle is at a particular position at a given time. The 
probability of finding the particle in volume element 
dr at time t (dr = dxdydz) is (r ,t)W(r ,t)dr , 
where T* is the complex conjugate of T. Hence, the 
total probability that the particle exists somewhere at 
time ns I T* T <ir = J |t|^ dr . In order for this inter- 
pretation to be physically meaningful, |t| must be 
real, finite, and a single-valued function of position 
and time. These requirements put restrictions on the 
wavefunctions for physical systems. 

In the bra-ket notation (see Mathematical Tools), 
the probability that the particle exists somewhere is 
written which means the same thing 
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W is said to be an eigenfunction or eigenvector of 
the operator a if 5 Y = where ^ isjust a number 
(possibly complex). This is an eigenvalue equation, 
and^ is called the eigenvalue. Multiplying both sides 
of the eigenvalue equation on the left by Y* and 
integrating over all space gives 

('Fjal'F) = ('P|v 4|'F) = y4{'F|'F) = A, 

where we have assumed that the system with 
wavefunction exists, so = 1. The integral 

has a special meaning: it is the expectation 
value of the observable physical property that 
corresponds to operator a . This is the value we are 
most likely to obtain if we measure the property 
experimentally, assuming that the measurement is 
free of systematic errors. Thus if Y is an eigenfunction 
of operator a , the eigenvalue A is the expectation 
value of a measurement of the corresponding property. 
This quantum mechanical relationship is analogous 
to a classical physical equation that states how the 
property depends on position and time. 

The operator that corresponds to the total energy 
{E) of a system is called the Hamiltonian operator 
( y/ ), or simply the Hamiltonian. The Hamiltonian 
includes terms for kinetic energy, electrostatic 
interactions of any charged particles in the system, 
magnetic interactions, and the interactions of the 
system with any external electromagnetic fields. If 
y/ operates on the wavefunction of a system, 
multiplying the result of this operation by T* and 
then integrating over all space gives the expectation 
value of the total energy: 

= E . 

B. The Schrodinger Equation 

The formal procedure for finding the wavefunction 
and energy of a system is to solve the time-dependent 
Schrodinger equation, which reads: 



If a system is isolated from the surroundings so 
that its total energy is constant, then the Hamiltonian 
must be independent of time. In this situation, the 
wavefunction can be written as the product of two 
functions, one of which {ijj) depends only on position 
and the other of which ((/>) depends only on time. 
Replacing ^{r ,t) by i//(r)0(/) in the time-dependent 
Schrodinger equation then leads to the time- 
independent Schrodinger equation: 

tHy/ = Ey/, 

where E (a constant) is the energy. In general, this 
expression has many solutions each 

with its own discrete value of E (E., Ej, £’^,. . .). For a 
bound electron in an atom, the solutions are the 
familiar atomic orbitals {s,p, J, . . .); for an electron in 
a molecule, they are the molecular orbitals. The 
energies of a free particle are not quantized (restricted 
to discrete values), but rather can take on any value. 

Once the energy {E) is known, the time-dependent 
Schrodinger equation also leads to a simple 
differential equation for the (f){t): 

d . iE ^ . 

ot h 

This equation has the solution 

^k{t) = exp{-iEi^tlh). 

(We have omitted a phase shift that represents an 
arbitrary choice of t = 0.) 4*{t) is an oscillatory 
function that oscillates at frequency Ej^jlnh, or 
EjJh, and has both real and imaginary parts. 

Combining the spatial and time-dependent factors, 
the complete wavefunction is 

T*(F,0 = \if,(r)exp{-iE, tjn). 

The time-dependent factor drops out when we 

I |2 

calculate the probability function pF because (e~'"^^)* 
Q-ix = ^ix Q-ix = jg important for coherence 

effects and transitions of a system from one state to 
another. 
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The eigenfunctions of a constant Hamiltonian 
represent the possible stationary states of the system. 
A system in one of these states will remain there 
indefinitely with constant energy as long as the system 
is not perturbed by outside influences, i.e . , as long as 
the Hamiltonian does not change. 

It often is useful to express the wavefunction of a 
complex system as a linear combination of terms 

from a set of simpler functions u^{r ) : 

i 

where the coefficients c. are independent of position 
but can be functions of time. The w. (r ) then are said 
to constitute a basis. The wavefunctions of a molecule, 
for example, can be constructed from a combination 
of atomic orbitals centered on the individual atoms. 
The wavefunctions of a time-dependent system can 
be constructed similarly from the eigenfunctions of a 
constant Hamiltonian, particularly if the time 
dependence results from a relatively small per- 
turbation of the system. For such a representation to 
be most useful, the basis functions must be 
orthonormal, which means that 

= 1 

(u-\uj) = 0 for i j. 

The eigenfunctions of i?/have these properties. 

For a brief discussion of the contributions of 
electronic and nuclear wavefunctions to the overall 
wavefunction of a molecule, see Spectral Bandshapes. 
Spin wavefunctions are discussed under Singlet and 
Triplet States. 
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Summary 

Light-harvesting antennas are central players in the conversion of solar energy to chemical energy. They have 
been evolving since the earliest anaerobic prokaryotes developed the first primitive photosystems. In the 
modern antennas, we see the results of many common processes of genetic change (duplication, divergence, 
acquisition and losses) as well as the primary and secondary endosymbiotic events that gave rise to the 
chloroplasts of photosynthetic eukaryotes. This chapter first reviews the assumptions and methods used in 
molecular evolution studies, then discusses the evolution of the enzymes involved in the synthesis of light- 
harvesting chromophores (chlorophylls, bacteriochlorophylls, phycobilins and carotenoids) and the evolution 
of the protein families that bind them, particular the core complex family, the LHC superfamily, and the 
phycobiliproteins. It is clear that the evolution of the proteins and the pigments were at least partly independent: 
‘molecular opportunism’ resulted in the proteins ’ binding whatever pigments were available, leading to the wide 
variety of chlorophyll-carotenoid pigment complexes that exist today. A model involving lateral gene transfer 
to account for the sharing of certain antennas by widely separated divisions of photosynthetic bacteria 
(including cyanobacteria) is proposed. 



I. Introduction 

The evolution of light-harvesting systems cannot be 
separated from the evolution of early life. The 
development of even the most primitive ability to 
utilize the sun’s energy gave the earliest photo- 
autotrophs enormously expanded opportunities to 
proliferate and diversify into new habitats. At the 
same time, early photoautotrophs would have had to 
cope with the damaging effects of solar radiation. In 
their modern descendants, we see a miniscule fraction 
of the great variety of adaptations to the two-edged 
sword of solar energy that must have existed during 
the last two or three billion years. 

This chapter will examine the evolution of light- 
absorbing pigments, the enzymes involved in their 



Abbreviations: BChl, Chi - bacteriochlorophyll, chlorophyll; 
CP43, CP47 - core antennas of PS II; BLIP - early light-induced 
protein; EST - expressed sequence tag, a cDNA sequence; Ga - 
billion years ago; Hlip - high light-induced protein of 
cyanobacteria; IsiA -- Chi a protein induced by Fe limitation, 
product of isiA gene, also called CP43 '; LHC - member of light- 
hai'vesting complex superfamily; Ohp - one-helix protein of 
Arabidopsis, similar to Hlip; Pcb - proehlorophyte Chi a/b 
protein; PsaA, PsaB - PS I reaction center-core antenna proteins; 
PS I, PS II - Photosystem I, Photosystem II; Sep - stress-induced 
two-helix proteins, members of LHC superfamily; RC - reaction 
center; Ycfl7 - plastid open reading frame encoding an Hlip 
homolog 



synthesis and the proteins that bind them to make 
light-harvesting antennas. In doing so, we must also 
consider the origins of the five groups of photo- 
synthetic prokaryotes and the descendants of one of 
these groups, the chloroplasts. We will see that the 
evolution of the pigments and the proteins that bind 
them were not necessarily coupled. Furthermore, the 
pervasiveness of lateral gene transfer makes it unlikely 
that the five extant groups of photosynthetic 
prokaryotes had a common ancestor, even though 
their reaction centers and pigment biosynthesis 
enzymes probably did. 

The advent of high through-put genomic and 
proteomic sequencing is having an enormous impact 
on the field of molecular evolution. New discoveries 
casting light on evolutionary processes may soon 
make some sections of this chapter obsolete. It will 
soon be possible to calculate phylogenetic trees based 
on large fractions of complete genomes, rather than 
a few specific proteins or rRNAs. The genomics 
capacity that has been applied to sequencing a few 
model organisms over the last few years is now being 
turned to other eukaryotes. This will provide the data 
needed to clarify the origin of chloroplasts and the 
effects of primary and secondary endosymbiosis on 
the genes encoding organelle proteins. It also will 
open up exciting possibilities for in vitro evolutionary 
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studies. With enough phylogenetic data, predictions 
can be made about sequences of ancestral proteins, 
which can then be synthesized and tested to discover 
their catalytic abilities (Golding and Dean, 1998; 
Chang and Donoghue, 2000). Molecular biology 
approaches make it possible to introduce genes for 
biosynthetic pathways into organisms that lack them, 
and observe the results. We may not be able to visit 
the past, but we can use advances in protein 
engineering to try out some of the possible scenarios. 

II. Origins 

A. Very Early Evolution 

It is thought that the earth originated about 4.5 Ga 
(billion years before the present) (Chang, 1994) and 
that life may have originated as early as 4.0 Ga 
(Fig. 1 ). The earliest evidence suggestive of life comes 
from ^^C/^^C ratios typical of fractionation by 
microbial metabolism, found in sedimentary rocks 
in Greenland dating from 3.8 Ga (Mojzsis et al., 
1996). The earliest putative fossil microorganisms 
were found in strata dated to about 3.4 Ga (Schopf, 
1993, 1994; Pflug, 2001; Schopf et al., 2002), 
although this claim has been challenged (Brasier et 



al, 2002). Fossil prokaryotes are more common and 
well-documented in strata dated from about 2.8 Ga. 
Photographs of almost all the microfossils discovered 
up to 1991 can be found in ‘The Proterozoic 
Biosphere’, an enormous compendium edited by 
Schopf and Klein ( 1 992), which also includes relevant 
sections on the early atmosphere. A variety of 
approaches to the study of early life and its 
environment can be found in the Nobel Symposium 
volume edited by Bengtson (1994). 

Schopf (1993) has suggested that the majority of 
the early fossil cells were cyanobacteria, based on 
their size and filamentous nature. There is an unstated 
assumption here (and in many other papers on early 
fossil micro-organisms) that the sizes of cyano- 
bacteria-like cells would be similar to those of their 
modern descendants, which live in much more 
complex and competitive environments. Pierson 
(1994) has argued persuasively that some of these 
fossil microorganisms could equally well have been 
members of the Chloroflexaceae (green gliding 
bacteria), and has pointed out the difficulty of 
distinguishing between phototrophs and chemo- 
lithotrophs on the basis of fossil evidence (Pierson, 
2001). There are living chemolithotrophic bacteria 
with cell diameters up to 0.75 mm (Schulz and 
Jorgensen, 2001) and there may be many other large 



Time 

{billions of years ago) 


Stages 


4.5 Ga 


Origin of earth. 


3.5— 3.3 Ga 


Earliest fossils resembling prokaryotes. 


2.8— 2.7 Ga 


Blomarkers (hopanes, steranes). Many 
prokaryotes. Environment anaerobic, Fe-rich. 


2.2— 1.9 Ga 


O 2 levels start to rise. 


1.9— 1.6 Ga 


O 2 levels high enough to support respiration 
and diversification of aerobic prokaryotes. 


1.2— 0.8 Ga 


Origin of eukaryotes. 


0.6 Ga 


Invasion of land, rapid diversification of crown 
taxa punctuated by widespread extinctions. 




Fig. 1. Time-frame of the evolution of life. Rise of atmospheric oxygen was largely due to oxygenic photosynthesis. Ga, billions of years 
ago. 
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prokaryotes in little-explored habitats. Undoubtedly, 
simpler and smaller prokaryotes preceded the 
cyanobacteria-like organisms but were not as well 
preserved. The cyanobacterial electron transport chain 
with its two photosystems and ability to split water is 
clearly the result of extensive prior evolution. The 
very first living cells were probably chemolithotrophs, 
followed by simple photoautotrophic anaerobes 
(Nisbet and Sleep, 2001). To what extent these early 
photosynthesizers resembled modern obligate 
anaerobes such as the green sulfur bacteria is an open 
question. 

It is now believed that the original atmosphere of 
the earth was anoxic and mildly reducing (Kasting et 
al., 1992; Kasting, 1993; Hollan4 1994), and that 
most of the oxygen in the earth’s present atmosphere 
is the result of oxygenic photosynthesis. A widely- 
cited model of atmospheric evolution (Kasting, 1 993) 
suggests that O 2 levels rose from 10"^ to 10"^ of 
present atmospheric levels sometime between 2.2 
and 1.9 Ga (Hollan4 1994). This is consistent with 
the increasing abundance of fossil cyanobacteria, 
and with the existence of ‘red beds,’ which are strata 
high in iron oxides. The rise in atmospheric O 2 
caused the oxidation of most of the available iron to 
Fe(III) and its subsequent precipitation. The resulting 
Fe limitation created serious nutritional deficiencies 
that have had evolutionary consequences to the 
present day (Section V; Chapter 17, Grossman et al.; 
Raven et al., 1999). By 1.9-1. 6 Ga, O 2 is thought to 
have reached 1-4% of present atmospheric levels 
(Kasting, 1993; Holland 1994). This would have 
been enough to support extensive diversification of 
obligately aerobic heterotrophs. Much later (0.5-0. 6 
Ga), another big jump in O 2 levels may have facilitated 
the Cambrian explosion of multicellular eukaryotes 
(Knoll, 1992). 

Other evidence for the early existence of 
cyanobacteria-like organisms comes from molecular 
biomarkers, a different kind of fossil (Simoneit et al., 
1998; Hayes, 2000; Moldowan and Jacobson, 2000). 
These molecules are the reduced carbon skeletons of 
biogenic macromolecules, in particular hopanes (from 
bacteriohopanepolyols) and steranes (from choles- 
terol and other steroids). In two recent studies, 2- 
methylhopanoids, characteristic of modern cyano- 
bacteria, were found in two separate locations dated 
2.5 and 2.7 Ga (Summons et al., 1999; Brocks et al., 
1999). Given that cyanobacteria with their sophis- 
ticated electron transport chain could not have been 
the first cells to evolve, this would push back the 



origin of cellular life to before 3 Ga. 

There is no general agreement on when eukaryotes 
originated (Knoll, 1992; 1994) The earliest apparently 
eukaryotic fossil is a spiral-shaped organism named 
Grypania found in 2. 1 Ga rocks (Han and Runnegar, 
1993). The only evidence that it was a eukaryotic 
alga is its large size and apparent rigidity. However, 
the discovery of steranes as well as hopanes in 2.7 Ga 
shale (Brocks et al., 1999) suggests that organisms 
able to synthesize cholesterol could have been extant 
more than two billion years ago. This ability is now 
largely restricted to eukaryotes, but there is nothing 
to rule out the possibility that these biomarkers were 
left by one of the prokaryotic ancestors of eukaryotes. 
Large (up to 160 pm) spherical microfossils with 
processes suggestive of an underlying cytoskeleton 
have been found in 1.5 Ga shales (Javaux et al., 
200 1 ), and recognizable multicellular red algal fossils 
have been dated to about 1.2 Ga (Butterfield et al., 
1990; Butterfield, 2000). There have been several 
claims that dinoflagellates and brown algae were in 
existence as early as 0.60-0.55 Ga (Butterfield and 
Rainbird, 1998; Xiao et al., 1998; Talyzina et al., 
2000). If these are correct, the secondary endo- 
symbioses that gave rise to these groups would have 
happened relatively soon after the primary endosym- 
biotic event that gave rise to the chloroplast. A 
summary of the major stages in the evolution of life 
and the atmosphere is given in Fig. 1. 

B. The rRNA Tree of Life' and the Five 
Groups of Photosynthetic Prokaryotes 

As soon as protein sequencing methodology became 
available in the 1960s, it was applied to the study of 
evolutionary relationships, particularly in the 
pioneering work of Margaret Dayhoff and her 
collaborators (Dayhoff et al., 1978; Schwartz and 
Dayhoff, 1978). From the very beginning, it was 
clear that proteins with the same function from 
different organisms resembled each other, and that 
the degree of difference between sequences was 
roughly proportional to the evolutionary distance 
deduced from well-dated fossils. The genes now 
most commonly used in studying the relationships 
among groups of organisms are those encoding the 
two ribosomal RNAs. Because ribosomal structure 
must be extremely conservative for functional 
reasons, the rRNA sequences have changed very 
slowly, so it is possible to compare sequences across 
large evolutionary distances. Furthermore, rRNA 
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Fig. 2. Tree of Life based on 1 6S rRNA sequenees showing the three domains of life. Representatives of the five groups of photosynthetic 
eubacteria are in bold. Adapted from Pace (1997). 



genes are relatively large and therefore have a higher 
information content than most protein-coding genes. 
There is now an enormous database of rRNA 
sequences covering both prokaryotes and eukaryotes 
(http://rrna.uia.ac.be). 

The sequencing of rRNA from many organisms 
yielded a Tree of Life’ (Fig. 2), whose major feature 
was the division of all living organisms into three 
domains, Eubacteria, Archea (archebacteria) and 
Eukarya (eukaryotes) (Woese, 1987; Woese et al., 
1990; Olsen et al., 1994). There is little argument 
about this fundamental division, which is supported 



by many cellular attributes (Madigan et al., 1996; 
Pace, 1 997), but there has been extensive debate over 
the location of the ‘root’ of the tree of life (Doolittle, 
1995, 2000; Katz, 1998). Was the last common 
ancestor somewhere between the archebacteria and 
the eubacteria, with the eukaryotes being derived 
from one of these groups, or was it between the 
eukaryotic (nuclear) ancestor and the prokaryotic 
groups? The rRNA trees favor the former idea with 
eukaryotes being closer to archebacteria (Woese, 
1 987), but trees based on protein coding genes (Viale 
et al., 1 994; Brown and Doolittle, 1 997) and conserved 
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indels (insertions and deletions) (Gupta, 1998) give 
a variety of answers. It has become clear that the 
eukaryote genome is a mosaic of genes, some of 
which are closer to those of eubacteria and others 
closer to those of archea (Golding and Gupta, 1995; 
Brown and Doolittle, 1997; Gupta, 1998; Katz, 1998; 
Rivera et al., 1998; Doolittle 1999). This has led to 
interesting hypotheses about how eukaryotes could 
have arisen from a fusion or symbiosis between a 
eubacterium and an archebacterium (Doolittle, 1 995 ; 
Gupta and Golding, 1996; Martin and Muller, 1998; 
Katz, 1998; Lopez-Garcia and Moreira, 1999; Martin, 
1999). 

In considering the evolution of photosynthesis and 
light-harvesting antennas, we first need to look at the 
photosynthetic prokaryotes. The only simplifying 
fact about these organisms is that they are all 
eubacteria! No photosynthetic archebacteria have 
(yet) been discovered. The photosynthetic eubacteria 
fall into five distinct groups (Table 1), which are 
clearly separated from each other by both physi- 
ological and molecular sequence criteria (Blanken- 
ship, 1992, 1994; Stackebrandtetal., 1996;Madigan 
etal., 1996; Gupta etal., 1999; Olson, 2001). All the 
cyanobacteria are phototrophs, as are all the 
Chlorobiaceae (green sulfur bacteria), but the closest 
relatives of the heliobacteria are non-photosynthetic, 
low G+C, Gram-positive Clostridia. The phototrophic 
members of the proteobacteria are scattered 
throughout that division, interspersed with non- 
photosynthetic relatives. 

Unfortunately, the order in which the major 
eubacterial divisions diverged from each other cannot 
be resolved by molecular phylogeny (Woese, 1987; 
Stackebrandt et al., 1996; Hugenholtz et al., 1998). 



This is due to two major factors. First of all, there 
have been so many changes over the three billion or 
more years since divergence from a common ancestor 
that even long sequences are mutationally saturated 
(Philippe and Forterre, 1999). Trees based on 16S 
and 23 S rRNA sequences (Fig. 2), generally agree in 
showing that the deepest (earliest) phototrophic 
branch includes the green non-sulfur (gliding) 
bacteria such as Chloroflexus mdHeliothrix (Woese, 
1987; Stackebrandt et al., 1996), whose closest 
relatives are the DeinococcusIThermus group. 
However, analysis of shared indels in heat-shock 
proteins suggested that the low G+C Gram-positive 
group that includes Heliobacterium was the earliest 
branching (Gupta, 1998; Gupta et al., 1999). The 
other major groups containing phototrophs appear to 
have radiated from each other within a short period 
of time (Woese, 1987; Ludwig and Schleifer, 1994; 
Hugenholz et al, 1998). In some rRNA and protein 
trees, the cyanobacterial branch groups with the 
Gram-positive andproteobacterial branches (Woese, 
1 987; Viale et al., 1 994), in some just with the Gram- 
positives (Hansmann and Martin, 2000), and in others 
with neither (Ludwig and Schleifer, 1994; Olsen et 
al., 1994). Trees based on proteins of the cyto- 
chrome be complex have been interpreted as 
supporting clustering of cyanobacteria, Chloro- 
biaceae and Gram-positives, but the branches have 
low statistical support (Schiitz et al, 2000). 

The second major problem is lateral gene transfer. 
Analysis of whole genomes has provided solid 
evidence for a significant amount of lateral gene 
transfer between prokaryotic groups, even between 
archebacteria and eubacteria (Rivera et al., 1998; 
Doolittle, 1999, 2000; Ochman et al., 2000; Koonin 



Table 1. Photosynthetic prokaryotes and their light-harvesting antennas 



Common Name 


Taxonomic Group 


Reaction 

Center 


RC/core 

pigment 


RC/core 

protein 


Core Antenna 


Peripheral 

Antennas 


Heliobacteria 


Low G+C Gram + 


FeS-type 


BChlg 


PshA homodimer 


Part ofRC 


none 


Green sulfur 
bacteria 


Chlorobiaceae 


FeS-type 


BChU 


PscA homodimer 


Part of RC 


Chlorosomes, FMO 
protein 


Green nonsulfur 
(gliding) bacteria 


Chloroflexaceae 


Q-type 


BChl a 


L/M heterodimer 


LHl 


Chlorosomes 


Purple bacteria 


Proteobacteria 


Q-type 


BChl aovb 


L/M heterodimer 


LHl 


LH2, LH3 


Cyanobacteria 


Cyanobacteriaceae 


FeS-type (PS I) 


Chi a 


PsaA/PsaB 

heterodimer 


Part of RC 


Phycobilisomes? 






Q-type (PS II) 


Chi a 


D1/D2 (PsbA/D) 
heterodimer 


CP47/CP43 

(PsbB/PsbC) 


Phycobilisomes 
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Eukarya 
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Fig. 3. Web of Life, taking into account lateral (horizontal) gene transfer. Adapted from Doolittle (1999). 



et al., 2001 ; Raymond et al, 2002). What this means 
is that a modern prokaryote does not have a single 
line of descent from an ancestral prokaryote (Woese, 
1998; Doolittle, 1999; Martin, 1999). The Tree of 
Life’ (Fig. 2) is much closer to a ‘Web of Life’ (Fig. 
3) (Doolittle, 1999). This has profound implications 
with respect to the origin of photosynthesis. Given 
the evidence for extensive lateral transfer between 
unrelated prokaryotes, we do not have to postulate a 
single common ancestor for all photosynthetic 
eubacteria. What we are analyzing at the level of 
primary sequence or three-dimensional structure is 
really the evolution of the protein or the protein 
family, not the evolution of its owners. We can quite 
legitimately restrict ourselves to studying the 
evolution of photosynthetic pigments, reaction centers 
and light-harvesting antennas without having to 
reconcile their evolution with the evolution of large 
groups of prokaryotes. 

The way we look at photosynthetic reaction centers 
has changed dramatically over the last few years. 
Photosynthetic reaction centers (RC) have been 
traditionally classified as PS I-like, with FeS acceptors 
(FeS-type) or as PS Il-like, with mobile quinones as 
acceptors (Q-type) (Nitschke and Rutherford, 1991; 
Blankenship, 1992). The heliobacteria and green 
sulfur bacteria have FeS-type RCs and are obligate 



anaerobes (Table 1). However, the heliobacteria have 
BChl g (an isomer of Chi a) rather than BChl a in 
their RCs, and they do not have the chlorosomes and 
Fenna-Matthews-Olson protein that make up the 
peripheral antenna system of the Chlorobiaceae 
(Chapter 1 , Green and Anderson; Chapter 6, Blanken- 
ship and Matsuura). In contrast, the green gliding 
bacteria (Chloroflexaceae) and the purple bacteria 
share Q-type RCs and LHl antennas that have 
significant sequence similarity with each other, and 
both are generally facultative anaerobes, growing 
photosynthetically only in the absence of oxygen 
(with some exceptions. Chapter 5, Blankenship and 
Matsuura; Chapter 17, Young and Beatty). Among 
the prokaryotes, only the cyanobacteria have two 
photosystems and the ability to oxidize water. 

How did five such very different groups of 
photosynthetic prokaryotes arise? Did any of them 
share a common ancestor to the exclusion of the 
others? Comparison of the recently determined 3D 
structures of Photosystem I (Schubert et al., 1998) 
and Photosystem II (Nield et al., 2000; Zouni et al., 
2001) with the purple bacterial reaction center 
(Michel and Deisenhofer, 1988) show clearly that all 
the RCs are related structurally, as had been suggested 
earlier on spectroscopic grounds (Nitschke and 
Rutherford, 1991; Golbeck, 1993). In other words. 
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all photosynthetic reaction centers, whether they are 
FeS-type or Q-type, probably had a common ancestor. 
Although similar structures can arise by convergent 
evolution (reviewed in Russell, 1998) it is very 
unlikely that a structure as complex as a reaction 
center could have originated more than once. The 
possibility that the photosynthetic reaction centers 
of one or more of the five groups were acquired by 
lateral gene transfer is discussed further in Section X. 

III. How Proteins and Their Genes Evolve 

In order to clarify some of the complications in 
dealing with molecular evolution over very long 
time-scales, we will first consider how protein 
sequences evolve and how their evolution is studied. 

A. How Sequences Change Over Time 

1. Genetic Variation 

Genetic material is not constant, but is continually 
undergoing small changes such as point mutations 
and small insertions and deletions (indels), and larger 
changes involving recombination and transposition. 
The smaller changes, quantified in terms of nucleotide 
or amino acid differences, are most useful for the 
derivation of phylogenetic trees. Most of the changes 
that occur do not become fixed in the population. Of 
those that are fixed, many cause no change at the 
protein level (due to the redundancy of the genetic 
code) or cause changes that are effectively neutral. A 
very small number may provide a selective advantage. 
Not all positions in a protein-coding gene will change 
at the same rate, since amino acids at the active site 
and in the hydrophobic core of the protein must be 
conserved, whereas residues on the surface of the 
molecule may be more free to vary. Different selective 
pressures also mean that different genes will have 
different rates of change. Even for the same gene, the 
rate of sequence change will not be constant over 
time. 

The larger changes are not as easy to quantify, but 
are extremely important in providing genetic 
variability. Recombination provides a mechanism 
for shuffling of functional modules and the formation 
of novel combinations of domains, and it can result 
in the duplication or deletion of part or all of a gene. 
The result of domain shuffling is that there are many 
protein motifs that are widely distributed among 



various protein families, e.g. ATP-binding motifs. 
Generation of different combinations of motifs/ 
domains can provide the raw material for evolving 
new functions, and the formation of dimers or 
tetramers can introduce the possibility of allosteric 
control. The 1500 transcription factors of Arabidopsis 
show the wealth of combinatorial possibilities in 
regulating gene expression (Reichmann et al., 2000). 

2. Gene Duplication Has Played a Major Role 
in Evolution 

Each new genome sequenced has reconfirmed Ohno’s 
thesis that gene duplication played a major role in 
evolution (Ohno, 1970). The first careful analyses of 
the E. coli genome (Blattner et al., 1997; Riley and 
Labedan, 1997) showed that even in a prokaryote, 
many genes are members of gene families. This has 
been confirmed for every prokaryote and every 
eukaryote sequenced. In the case of Arabidopsis, 

1 7% of the genes belong to gene families arranged in 
tandem arrays, showing their origin from small local 
duplications. Further, in several eukaryotic genomes 
it appears that whole sections have been duplicated 
(Wolfe and Shields, 1997; The Arabidopsis Genome 
Initiative, 2000), even in Arabidopsis, which was 
chosen as a model plant system because of its small 
genome size (Vision et al., 2000). The current model 
suggests that there was at least one complete 
duplication of the genome (tetraploidization) and 
many duplications of whole chromosome segments, 
each one followed by loss of some of the duplicated 
genes (Vision et al., 2000). Losses as well as gains 
contribute to diversification (Cavalier-Smith, 2002). 

Gene duplication provides the raw material for 
adaptive evolution and the origin of novel functions. 
Once a gene has duplicated, it frees one of the copies 
from selective constraints so it can adapt to perform 
modified functions. This does not necessarily require 
the accumulation of a large number of small changes, 
but can happen with a single amino acid substitution 
(Golding and Dean, 1998), as in the case of the 
conversion of lactate dehydrogenase to malate 
dehydrogenase (Wilks et al., 1988). Most enzymes 
catalyze side-reactions, which means that one copy 
of an enzyme could undergo modifications that would 
make the minor activity the dominant one (O’Brien 
and Herschlag, 1999). Theoretical analysis suggests 
that both copies of a gene could diverge and lose 
activity as long as the total activity maintained the 
required level of functionality (Force et al., 1999; 
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Lynch and Force, 2000). Duplicate genes can be 
regulated independently, and divergence of 5 ' non- 
coding sequences involved in transcriptional 
regulation can facilitate the divergence of coding 
sequences (Force et ah, 1 999). Copies can also provide 
spare parts for domain shuffling and can originate 
new combinations of functions. 

Most of the light-harvesting antenna proteins are 
members of large gene families, providing good 
examples of the possibilities created by gene 
duplication and divergence. With the exception of 
antennas unique to one or two taxonomic groups 
(Section VIII), the proteins of all the other antennas 
are members of just three extended families: the 
Core Complex family (Section V), the phycobili- 
protein family (Section VI), and the LHC superfamily 
(Section VII) (Green and Durnford, 1 996). The LHC 
superfamily was one of the first plant gene families 
to be recognized as such (Green et al., 1991). In fact, 
this family is not restricted to plants but has left a trail 
of relatives all the way from cyanobacterial genomes 
to the nuclear genomes of algae that obtained their 
chloroplasts by secondary endosymbiogenensis 
(Section VII; Chapter 1, Green and Anderson). In 
spite of the fact that there are only four kinds of light- 
harvesting chromophore (Chls, BChls, carotenoids 
and phycobilins), the proteins of the three families 
achieve flexibility in pigment binding by a range of 
variations on the three basic structural themes. In the 
course of evolution, this flexibility allowed them to 
continue to function while accumulating adaptive 
changes that optimized chromophore binding and 
allowed for fine-tuning of absorption maxima. This 
‘molecular opportunism’ in binding whatever 
pigments were available also reinforces that idea that 
the proteins have evolved at least partly independently 
of the enzymes for pigment biosynthesis (Green, 
2001 ). 

3. Recruitment 

Sometimes a protein can be recruited to an entirely 
new function. Lens crystallins, for example, have 
been recruited from different common enzymes in 
different vertebrates (Wistow, 1993). This may or 
may not involve gene duplication, and differences in 
function may even occur between two different 
locations in the same cell (Jeffery, 1999). These 
‘moonlighting proteins’ can be advantageous for the 
cell by coordinating functions, and they illustrate the 
principle that ‘organisms evolve by making use of 



whatever is available’ (Jeffery, 1999). However, they 
provide an unwanted complication for genomics 
researchers who are trying to identify open reading 
frames! 

4. Lateral Gene Transfer in Prokaryotes 

As pointed out in Section IIB, a major finding from 
the explosion of prokaryotic genome sequences is 
the prevalence of lateral gene transfer between 
distantly-related prokaryotes (Eisen, 2000; Ochman 
et al., 2000; Koonin et al., 2001). Genes involved in 
operational processes, e.g. metabolic pathways, are 
more likely to be transferred than are informational 
genes, i.e. those for transcription or translation (Jain 
et al., 1999). Genome-wide comparisons of the first 
16 prokaryote genomes completely sequenced 
estimated the fraction of laterally-acquired sequences 
to be as high as 12% in E. coli K12 and 16% in 
Synechocystis 6803 (Ochman et al., 2000). Further- 
more, there is strong evidence for gene transfer 
between archea and eubacteria, especially in the 
thermophilic eubacteria Aquiflex and Thermotoga, 
which appear to have acquired their abilities to adapt 
to extreme temperatures by acquiring a significant 
number of genes from thermophilic archebacteria 
(Deckert et al, 1998; Nelson et al., 1999). In the 
green sulfur bacterium Chlorobium, 1 2% of the genes 
more closely match archeal than eubacterial homologs 
(Eisen et al., 2002). Although the estimated number 
of transferred genes depends on the methodology 
employed (Lawrence and Ochman, 2002; Ragan, 
2002; Ragan and Charlebois, 2002), there is no 
doubt that there has been a significant amount of 
lateral transfer even between distantly related 
prokaryotes. 

5. Gene Transfer from Endosymbiont to Host 
Nucleus 

Understanding how endosymbionts became organ- 
elles is probably the most challenging question in 
evolutionary cell biology (Cavalier-Smith, 2000). 
Many genes were transferred from the eubacterial 
ancestors of mitochondria and chloroplasts to the 
nuclear compartments of their eukaryotic hosts during 
the primary endosymbiogeneses. This process cannot 
be regarded as a number of simple translocations, 
since each transfer actually required several steps: 
(a) The integration of a copy of an organelle gene into 
the nuclear genome, (b) the acquisition or modifi- 
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cation of promoter sequences allowing the gene to be 
expressed in its new environment, (c) for those 
proteins that would be targeted back to the organelle, 
the acquisition of suitable presequences, and (d) the 
eventual elimination of the organelle’s copy. Of 
course, many of the endosymbiont genes could be 
dispensed with since their functions would be 
provided by the host’s nuclear genes. However, there 
are some cases where an endosymbiont gene replaced 
the host gene in the host’s nucleus. It appears that 
some (cytosolic) glycolytic enzymes may have 
originated from the proteobacterial ancestor of the 
mitochondrion (Martin and Herrmann, 1998). 
Similarly, it appears that plant cytosolic phospho- 
glycerate kinase is of cyanobacterial origin (Martin 
and Schnarrenberger, 1997). Preliminary analysis of 
the Arabidopsis genome uncovered over 800 nuclear 
genes most closely matching cyanobacterial genes, 
and only 25% of those had a predicted chloroplast 
targeting presequence (Arabidopsis Genome 
Initiative, 2000). Martin et al. (2002) have estimated 
that as many as 4500 Arabidopsis nuclear genes 
(18% of the total) could be of cyanobacterial origin, 
and that the majority are not targeted to the 
chloroplast. 

The relocation of a gene from an endosymbiont 
(mitochondrion or chloroplast) to the nucleus exposes 
it to different nucleotide substitution rates, codon 
preferences and selection pressures. The translocated 
gene may subsequently have a different rate of evo- 
lution compared to genes remaining in the organelle. 
For example, the mitochondrial ribosomal protein 
rpslO has evolved much faster in those plants where 
it is in the nucleus than in those where it is still in the 
mitochondrion (Adams et al, 2000). This is at least 
partly due to the fact that nucleotide substitution 
rates in plants are highest in the nucleus, intermediate 
in chloroplasts and low in mitochondria (Wolfe et al, 
1987; Li, 1999). 

During secondary endosymbiogenesis, where a 
non-photosynthetic eukaryote engulfed a photo- 
synthetic red or green alga (Chapter 1, Green and 
Anderson; Delwiche and Palmer, 1997), it appears 
that the nuclear genes for plastid proteins were 
efficiently transferred to the secondary host’s nucleus. 
In the cryptophyte Guillardia theta, the relict nucleus 
of the red algal ancestor (nucleomorph) carries only 
30 genes for plastid- targeted proteins among the 464 
predicted open-reading frames (Douglas et al, 200 1 ). 
The degree to which endosymbiont genes replaced 
host genes is yet to be determined. We have found an 



interesting case of replacement in a tertiary 
endosymbiosis, where a dinoflagellate lost its own 
plastid and acquired a haptophyte plastid, and the 
dinoflagellate psbO gene was replaced by the 
haptophyte psbO gene in the dinoflagellate nucleus 
(Ishida and Green, 2002). 

6. Time-scale of Cellular Evolution: 

Adaptations and Catastrophic Extinctions 

One more thing needs to be considered. It is very 
difficult for us to imagine the time scale of evolution, 
which probably extended over a period of at least 
three billion years. For every successful adaptation, 
there must have been millions of unsuccessful ones. 
Only a vanishingly small fraction of the organisms 
that ever lived has descendants in the present. Imagine 
a large, highly branched bush that looks dead except 
for a single leaf at the very end of each of a few small 
branches. Those leaves represent the extant divisions 
of bacteria, five of which have photosynthetic 
members. It is important to remember that some of 
the extinct organisms might have been able to survive 
quite well in some modern niche, but were wiped out 
during one of the massive extinctions that occurred 
repeatedly during earth’s history, for reasons that had 
nothing to do with their potential selective advantage. 

B. How Phylogenetic Relatedness is Assessed 

1. Phylogenetic Trees 

A phylogenetic tree is a representation of the 
evolutionary relationship among a group of organisms 
(or their genes). A good basic introduction to 
phylogenetic trees can be found in the books by 
Graur and Li (2000) and Hall (2001). more 
comprehensive treatments are given in Li (1999) and 
Hillis et al. (1995). A large number of programs are 
available free to academic users through J. 
Felsenstein’s website (Felsenstein, 2002), and the 
NCBI website (http://www3.ncbi.nlm.nih.gov/). The 
PAUP package (Swofford, 1999) can be purchased 
for the price of a biochemistry textbook. Similar 
methods are used for nucleotide and amino acid 
sequence data, but construction of trees based on 
protein sequences avoids some of the problems that 
result when different groups of organisms have 
different base compositions and codon preferences, 
as well as the problem of mutational saturation at the 
third codon position. This is particularly important 
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over the long evolutionary distances involved in the 
evolution of photosynthesis. The journals Molecular 
Biology and Evolution and Journal of Molecular 
Evolution publish many papers concerning methods 
of phylogenetic inference and their pitfalls, as well 
as the most current results obtained with these 
methods. 

The first step in phylogenetic tree construction 
involves the alignment of a group of related 
sequences. Sequence alignment is not a trivial matter 
(McClure et al., 1994; Higgins et al., 1996, Rost, 
1999). Alignment algorithms generally move one 
sequence past the other, using a program that averages 
a similarity score over a sliding window and optimizes 
the length of segments aligned. For proteins, the 
similarity score is calculated from an amino acid 
substitution matrix (see below) such as one of the 
PAM matrices (Dayhoff et al., 1978), the JTT matrix 
(Jones et al., 1992), the WAG matrix (Whelan and 
Goldman, 2001) or the Blosum series (Henikoff and 
Henikoff, 1992, 1993). The final alignment is 
improved by editing after visual inspection, and 
those parts of the sequences that cannot be aligned 
are eliminated from the analysis. Prior knowledge of 
protein structure and functional modules can be very 
helpful in this situation. It is interesting to note that 
almost all rRNA sequence alignments are done by 
eye rather than by algorithm. This is not so old- 
fashioned as it sounds, because the human eye-brain 
combination has very sophisticated pattern-matching 
abilities and the enormous database of previously 
aligned sequences makes the job easier. In a group of 
aligned sequences, each position (column) is counted 
as one phylogenetic character, in the same way that a 
morphological characteristic (e.g. yellow versus green 
seeds) is counted as one character. 

The biggest problem with most multiple sequence 
alignment programs is that they cannot handle large 
insertions and deletions effectively. In order not to 
run calculations on spurious alignments, I recommend 
doing a preliminary search to find matching blocks 
of sequence using a program like Macaw (Schuler et 
al.,1991) or Gapped Blast (Altschul et al., 1997), 
then deleting long segments not shared by all 
sequences. Insertions and deletions are potentially 
informative, but there is no theoretical basis for 
understanding their frequency or their size, as there 
is for amino acid or nucleotide substitutions. The 
common (and necessary) practice of eliminating 
indel regions in constructing phylogenetic trees 
unfortunately means that some potentially useful 



information is lost. However, the presence or absence 
of an indel can be used as a discrete character in 
phylogeny under the assumption that the same indel 
probably would not occur more than once in the 
same position unless the two organisms had a common 
ancestor. Methods based on these ‘signature 
sequences’ attempt to exploit this information (Gupta, 
1998; Gupta et al., 1999; Fast et al., 2001). Some 
caution is warranted with respect to very small indels 
(one or two amino acids) because of the possibility of 
independent parallel occurrences. 

There are three basic methods of tree construction: 
parsimony, distance and maximum likelihood. It is 
common practice to calculate trees by all three 
methods for any given set of proteins, since each 
method has its own strengths and weaknesses (Hillis 
et al., 1998; Li, 1999; Graur and Li, 2000; Hall, 
2001). All three methods give a branching order, i.e. 
indicate which taxon separated from the others first 
and which taxons remain clustered. Distance and 
maximum likelihood also give estimates of branch 
lengths, usually expressed in terms of the average 
number of changes per position along that branch. 
The validity of the tree is assessed statistically by 
methods such as bootstrap resampling (Felsenstein 
1985, 1988; Hillis and Bull, 1993). Other methods of 
assessing the reliability of trees are discussed in the 
references cited above. A useful checklist of points 
to consider in evaluating any tree or submitting it for 
publication is given by Stewart (Box 2 in Stewart, 
1993). 

Maximum parsimony, the simplest method, is based 
on the idea that the tree that requires the smallest 
number of changes to explain the differences between 
sequences is the most likely to be correct. Only those 
positions that favor one possible tree over another 
(informative sites) are used in the calculations. Non- 
informative sites include invariant sites (sites not 
free to vary for structural or functional reasons) but 
are not restricted to them. Parsimony calculations on 
DNA sequences can take into account different ratios 
of transitions to transversions (calculated from the 
data), but cannot compensate for multiple hits or 
back-mutations, so they should not be used for 
distantly related sequences. 

In distance methods, the final alignment is used to 
calculate a matrix of pairwise evolutionary distances 
for all the sequences, using an amino acid substitution 
matrix that represents the probability that one 
particular amino acid will be changed into another. 
Distance methods pick the tree with the minimum 
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overall length as the optimum tree. The commonly 
used Neighbor-Joining distance method (Saitou and 
Nei, 1987) groups the two closest sequences, 
calculates a revised distance between this pair and 
each of the other sequences, and continues grouping 
sequences and recalculating distances until the final 
tree is obtained. Distances are often corrected using 
the LogDet transformation, which has some statistical 
advantages (Lockhart et al., 1994). 

There are a number of common amino acid 
substitution matrices in use. The PAM (point accepted 
mutation) matrices were originally calculated from 
observed amino acid substitutions in closely-related 
proteins, and they take into account the average 
number of nucleotide changes needed to convert one 
amino acid to another (Dayhoff et al., 1978). The 
ITT matrices (initials of the authors Jones, Taylor 
and Thornton, 1992) are updated mutation data 
matrices based on a much greater sample of protein 
sequences. The WAG matrix (Whelan and Goldman, 
2001) was derived from the same large database 
using a more sophisticated mathematical approach 
based on maximum likelihood. There are also 
matrices optimized for the particular amino acid 
substitution patterns found in chloroplasts (Adachi 
et al, 2000), and mitochondria (Adachi and Hase- 
gawa, 1996a). The Blosum matrices (Henikoff and 
Henikoff, 1992, 1993) were derived in a completely 
different way, from a database of sequence blocks 
conserved among distantly related sequences, and 
they are not related to any model of sequence 
evolution. They are optimized for database searching 
and alignment, and are not used for phylogenetic 
treeing. 

Maximum likelihood (Adachi and Hasegawa, 
1996b) uses the substitution matrix as a model of 
evolutionary change to calculate the likelihood of 
every possible tree for each position in the alignment. 
It then sums the likelihoods for each possible tree 
over the entire sequence and picks the tree with the 
highest likelihood. Needless to say, it is the most 
computationally intensive method, often requiring 
that only a subset of the sequences be analyzed. 
Faster algorithms that use computational shortcuts 
such as quartet puzzling (Strimmer and von Haeseler, 
1996) are coming into use. 

2. Rates of Evolution and Mutational 
Saturation 

In calculating evolutionary distances, it is necessary 



to take into account two types of variation in 
evolutionary rates. ‘Rates across sites’ refers to the 
fact that the rate of change is not the same at each 
position in a sequence due to functional constraints 
on the molecule. This can be directly calculated for 
each site (Van de Peer et al., 1996); more commonly, 
the rates are assumed to follow a gamma distribution 
(Rzhetsky and Nei, 1 994), and a correction employing 
this is incorporated into many tree-construction 
programs. The treatment of invariant sites is discussed 
by Lockhart et al. (1996). 

There is also the problem that rates can vary over 
evolutionary time, i.e. a protein may have evolved 
faster in one taxonomic group than in a sister group. 
One approach in dealing with this is to combine as 
many different protein coding genes as possible, on 
the assumption that since the proteins have different 
functions, their rates of evolution are likely to vary in 
different ways from one taxon to another. The effects 
of different rates thus will tend to cancel out (Bauldauf 
et al., 2000; Moreira et al., 2000). This has been 
applied to mitochondrial protein genes (Cao et al., 
1994) and to plastid-encoded proteins, where more 
than 40 sequences were either concatenated or 
calculated individually and the results were summed 
(Martin et al., 1998; Adachi et al., 2000; Martin et 
al., 2002). The sisterhood of red and green algae is 
solidly supported by trees based on nuclear elongation 
factor 2 (EF-2) and a fusion of 13 nuclear-encoded 
proteins (Moreira et al., 2000), but not by trees that 
consider RNA polymerase II (RPBl) alone (Stiller 
and Hall, 1997). 

With very ancient separations, there is the problem 
of mutational saturation, in which the numbers of 
back mutations and multiple changes at a position 
are enough to obscure the evolutionary history. This 
problem has been extensively studied by H. Philippe 
and colleagues (Philippe and Adoutte, 1998; Philippe 
and Laurent, 1998; Philippe and Forterre, 1999). It is 
connected to a problem called ‘ long branch attraction’ 
(Felsenstein, 1988; Philippe, 2000). A property of 
the tree-building methods is that the algorithms tend 
to group taxa on long branches with each other and 
place them at the base of the tree. A long basal branch 
can mean that that taxon branched off very early 
from the rest of the species, or it may simply mean 
that the molecule being studied had a higher rate of 
sequence change in that particular lineage. Con- 
versely, sequences that are mutationally saturated 
will have shorter branches than they should have, i.e. 
the length of time since their divergence from their 
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neighbors is longer than it appears on the tree. 

Problems involving rates cannot always be 
corrected. For example, in chloroplast 23 S rDNA 
trees, Euglena sequences often cluster with 
dinoflagellate and apicomplexan sequences simply 
because all these groups have very divergent 
sequences (Zhang et al., 2000). The microsporidians, 
a group of unicellular protists lacking mitochondria, 
were originally placed near the base of the eukaryotic 
18S rRNA tree, and it was hypothesized that they 
diverged before the ancestral eukaryote acquired a 
mitochondrion. However, when a and /3-tubulin genes 
were analyzed, the microsporidia grouped with the 
fungi (Keeling et al., 2000). It is possible that all the 
early-branching protist groups are misplaced in the 
eukaryotic tree because of rate variation problems 
(Philippe, 2000; Philippe et al, 2000; van de Peer et 
al., 2000). This is why it is difficult to establish an 
overall phylogenetic tree for all eukaryotes (Bauldauf 
et al., 2000; Van de Peer et al., 2000). 

3. Some Common Problems with Trees 

Use of an insufficient number of sequences or a 
biased selection of sequences, which is sometimes 
unavoidable due to lack of data, can give misleading 
results. So can the choice of a molecule with too few 
informative positions, e.g. a small, highly conserved 
protein. Several workers have recently suggested 
that codon usage bias and nucleotide composition 
can affect amino acid substitution patterns (Naylor 
and Brown, 1997; Barbrook et al, 1998; Foster and 
Hickey, 1999). 

Then there is the problem of paralogous genes. If 
gene X was duplicated before the separation of the 
two species being compared, each species will have 
two sister genes (called paralogs) whose evolutionary 
histories may be different. If gene Y of one species is 
unwittingly compared with gene Z of the other, the 
tree relating them will be invalid, i.e. it is an ‘apples- 
and-oranges’ comparison. A determined effort needs 
to be made to find all the paralogs in both species 
before developing an evolutionary story. 

A rooted tree is one in which the direction of 
evolution (order of branching) is implied, with the 
common ancestor at the base (root). For example, the 
hypothetical tree in Fig. 3 implies a common ancestor 
for all cellular life, whereas Fig. 2 makes no statement 
about a common ancestor. In the absence of 
information about this ancestor (the usual case), the 
sequences of interest (ingroup) are compared to one 



or more sequences that are more distantly related to 
them than they are to each other (the outgroup). For 
example, myoglobin might be used as the outgroup 
in a tree of vertebrate hemoglobins. The root is then 
placed between the outgroup and the ingroup 
branches, on the assumption that this represents the 
common ancestor of the ingroup and the outgroup. It 
is often difficult to find suitable outgroup sequences 
that can be aligned with reasonable accuracy, without 
making unjustifiable (and untestable) assumptions. 
A poor choice of outgroup can distort relationships 
in a tree. Paralogs have been used to root the universal 
tree, with mixed success (Gogarten et al., 1989, 
Iwabe et al., 1989; Kollman and Doolittle, 2000). 
Considerable thought should go into the choice of 
outgroup, and unrooted trees should probably be 
seen more frequently, particularly when the evolution 
of a protein family rather than the evolution of a 
group of organisms is under consideration. The ‘Tree 
of Life’ in Fig. 2 is an unrooted tree because there is 
no conceivable outgroup when all of life is included. 

Readers should not be discouraged by this recital 
of complications, but rather should be encouraged to 
look at phylogenetic tree construction as just another 
experimental approach, with the possible pitfalls and 
artifacts found in any laboratory method. Especially 
when evolutionary distances are very large, we must 
be willing to recognize the limits of our data. In the 
absence of a time machine, we may not be able to 
obtain all the answers we would like. 

4. Gene Clusters — an Additional Source of 
Information 

Genes encoding enzymes that belong to the same 
pathway or macromolecular complex are often found 
in clusters (Lawrence, 1999; Overbeek et al., 1999). 
These clusters can be conserved over long evolu- 
tionary distances, as is the case for subunits of ATP 
synthase and for ribosomal proteins in bacteria and 
organelles (Boore and Brown, 1998; Stoebe and 
Kowallik, 1999; Nikolaichik and Donachie, 2000). 
Since changes in gene order involve recombination 
mechanisms, there is less chance of convergent 
evolution (Boore and Brown, 1998). There is 
considerable debate about the biological benefits of 
gene clustering (reviewed in Lawrence, 1999); it has 
even been suggested that clustering benefits the genes, 
not the organisms, because it facilitates lateral transfer 
of a metabolic pathway and the spread of the genes in 
question, i.e. they are ‘selfish operons’ (Lawrence, 
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1999). Differences in gene order have been used to 
suggest lateral transfer of the photosynthesis gene 
cluster from an a-proteobacterium to a /3-proteo- 
bacterium (Igarashi et ah, 2001). However, it is not 
clear whether the presence of a cluster carrying the 
pigment biosynthesis and reaction center genes in 
purple bacteria and Heliobacterium indicates genes 
that were received by lateral transfer, or whether 
these genes are just getting ready to travel. 
Photosynthesis genes are not clustered in Chlorobium 
(Risen et al., 2002), Synechocystis (Kaneko et al., 
1996) or Chloroflexus (R. E. Blankenship, personal 
communication). 

IV. Pigment Biosynthesis Genes 

Light-harvesting pigments are members of only three 
biochemical classes: porphyrins (Chi, BChl), bilins 
and carotenoids (Chapter 2, Scheer). Chlorophylls, 
bacteriochlorophylls and phycobilins share the early 
steps of their biosynthetic pathway with heme. 

A. Did Chi or BChl Come First? 

Does the presence or absence of individual pigments 
tell us anything about the evolution of photosynthetic 
prokaryotes? The answer to this question is unclear 
because of the very ancient nature of these 
biosynthetic pathways and the enormous evolutionary 



distances among the five prokaryotic groups, as 
discussed in the previous section. In fact, this subject 
provides a good case study of the difficulties of 
developing a phylogenetic tree that is valid for very 
distant comparisons. 

Figure 4 shows the final steps of chlorophyll and 
bacteriochlorophyll synthesis. Molecular structures 
can be found in Chapter 2 (Scheer) and in the reviews 
by Beale (1999), Bauer et al. (1993) and Suzuki et al. 

( 1 997). The common precursor of all Chls and BChls 
is divinylprotochlorophyllide a (also called [8-vinyl]- 
protochlorophyllide or Mg-2,4-divinylpheoporphyrin 
a 5 -monomethyl ester), which is part of the light- 
harvesting antenna of the prochlorophyte Prochloron 
and at least two species of eukaryotic algae (Helfrich 
et al., 1999). This pigment may be more widespread 
than is commonly realized, because it could easily be 
misidentified as Chi c, which has very similar 
structure and spectroscopic properties (Chapter 2, 
Scheer). Figure 4 suggests that divinyl protochloro- 
phyllide a may have been the ancestral light- 
harvesting pigment, and might even have been part 
of primitive reaction centers. 

The last common intermediate of Chls and BChls 
is chlorophyllide a, which is formed by reduction of 
ring D by the light-independent protochlorophyllide 
reductase, except in higher plants. This is a three- 
subunit enzyme encoded by the chlB, chlL and chlN 
genes in cyanobacteria and algae, or by the related 
bchB, bchL and bchN genes of purple and green 




Fig. 4. Synthesis of Chls and BChl a from common intermediates. Note that chlorophyllide a is the common precursor to BChl a, Chi 
a and Chi b. Boxed pigments have been shown to have a light-hai*vesting role in at least one organism. The dotted box delineates reactions 
unique to BChl synthesis. 
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bacteria. BChl a synthesis also requires a second 
ring reduction, which is catalyzed by the products of 
three genes: bchX, bchY, bchZ which are related to 
the bchL, bchN and bchB genes by an apparent gene 
duplication (Burke et ah, 1993a,b). Since the BchX, 
BchL and ChlL sequences are distantly related to the 
Type I nitrogenase Fe proteins (NifH) of non- 
photosynthetic bacteria, the latter were used for the 
root in a maximum likelihood analysis. This analysis 
showed that the bchX gene branched off first, before 
bchUchlL diverged (Burke et al., 1993b). In order to 
rationalize this finding, the authors proposed that the 
ancestral enzyme was relatively non-specific and 
was able to catalyze both ring reductions, and that the 
ability to make BChl was lost in the line leading to 
the cyanobacteria and chloroplasts. 

Lockhart et al. (1996) re-examined the question 
and showed that the previous analysis was distorted 
by the inclusion of invariant sites, i.e. those not free 
to vary between sequences of the same biological 
function. Furthermore, the nitrogenase genes would 
not be expected to have the same invariant sites as the 
pigment synthesis genes because nitrogenase has a 
different function and would therefore be subject to 
different selection pressures at different sites in the 
molecule. This calls into question the use of 
nitrogenase genes as an outgroup to root the tree. 
Lockhart et al. (1 996) concluded that the data available 
did not favor any particular hypothesis. 

In a more recent analysis, trees were made by all 
three standard methods (neighbor-joining, parsimony, 
and maximum likelihood) using gene sequences from 
Heliobacillus, Chloroflexus and Chlorobium as well 
as purple bacteria, cyanobacteria and plants (Xiong 
et al., 1998; 2000). The genes studied were bchBLNI 
chlBLN and bchdchlG (Fig. 4) as well as the three 
genes that encode subunits of Mg chelatase, the first 
committed step in porphyrin biosynthesis (Chapter 
2, Scheer). Both DNA and protein sequences were 
analyzed, and trees were also made from concatenated 
sequences of all seven genes. The results were 
somewhat surprising: in all the trees, Chlorobium 
and Chloroflexus genes were clustered, and so were 
the Heliobacillus and cyanobacterial genes. 
Furthermore, the majority of trees showed purple 
bacteria as the earliest branching group. The authors 
showed that unrooted trees gave the same topology 
as rooted trees, but they did not address the problem 
of invariant sites, although the rest of their analysis 
was careful and the branches had good statistical 
support. There is also the problem that the seven 



genes analyzed by Xiong et al. (2000) encode subunits 
of only three enzymes, and therefore may not be 
representative of all the Chi and BChl synthesis 
genes. It was unfortunate that bchXYZ sequences 
were not included in the analysis. 

On the basis of parsimony, it would seem simplest 
to assume that the first photosynthetic prokaryotes 
used earlier intermediates in the biosynthetic 
pathways, and that more steps were added later by 
gene duplication and divergence. If Chi a preceded 
BChl a, that would explain the presence of Chi a as 
well as BChl a in the reaction centers of green sulfur 
bacteria (Chapter 6, Blankenship and Matsuura; 
Kobayashi et al., 2000). Perhaps divinylproto- 
chlorophyllide a was even earlier, since it is still 
being used in light-harvesting (Helfrich et al., 1999) 
and is the common intermediate in both Chi and 
BChl biosynthesis pathways. 

Analyses over very long distances will always face 
the problem that rates of sequence evolution are 
unlikely to have remained constant. The apparent 
early divergence of the purple bacterial branch in the 
analysis of Xiong et al. (2000) may simply mean that 
the pigment biosynthesis genes are evolving faster in 
the proteobacterial line than in the other lines. Given 
the increasing number of examples of lateral gene 
transfer that contribute to confusing the phylogeny 
of whole metabolic pathways (e.g. isoprenoid 
biosynthesis, see below), questions involving large 
evolutionary distances should be attacked at the 
whole-genome level whenever possible (Green and 
Gantt, 2000). 

B. The Accessory Chts of Chloroplasts and 
Prochlorophytes 

The three major groups of eukaryotic algae differ in 
the accessory Chls of their membrane-intrinsic LFlCs 
(Chapter 1, Green and Anderson; Section VII). As 
shown in Figure 4, the synthesis of Chi b from Chi a 
requires only one additional step, catalyzed by the 
enzyme Chi a oxygenase (CaO) (Tanaka et al., 1998; 
Oster et al., 2000). Sequences of CaO from two 
prochlorophytes, two green algae and several higher 
plants are all related, suggesting that the cao gene 
had a common ancestor in prokaryotes and 
chloroplasts (Tomitani et al., 2000). These authors 
proposed that all cyanobacteria originally had the 
ability to make both Chi b and phycobilisomes and 
that the ability to make Chi b was retained while 
phycobilisomes were lost in the lines that led to 
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prochlorophytes and chloroplasts. This would have 
required multiple independent losses of CaO in the 
many cyanobacterial lines, especially since the closest 
relatives of each kind of prochlorophyte do not make 
Chi b (Wilmotte, 1995; Turner, 1997; Turner et al, 
1999). Another possibility is that lateral gene transfer 
spread the cao gene among the three prochlorophytes 
and the ancestor of the chloroplast. The cyanobacterial 
ancestor of the chloroplast was not closely related to 
any of the prochlorophytes (Wilmotte, 1995; Turner, 
1997; Turner et al, 1999). Both these models imply 
that the first photosynthetic eukaryote had the gene 
for CaO and made Chi b, which was subsequently 
lost in the lines leading to glaucophytes and red algae 
(Bryant, 1992). 

Two groups recently succeeded in introducing the 
cao gene into Synechocystis PCC6803, and showed 
that Chi b was synthesized and incorporated into 
proteins (Satoh et al., 2001; Xu et al., 2001). When 
the gene was introduced into wild-type cells, Chi b 
made up 7-10% of total Chi and 8% of the Chi in the 
PsaA/PsaB reaction center complex of PS I (Satoh et 
al., 2001). When it was introduced into a PS I-less 
mutant with decreased ability to synthesize Chi, 
along with a gene for the major LHCII Chi a/b 
protein of pea, Chi b made up 60% of total Chi, even 
though the LHCII protein was rapidly turned over 
and did not accumulate to a significant extent. The 
Chi b was incorporated into PS II and was able to 
transfer energy to the reaction center (Xu et al., 
200 1 ). This shows that there is no absolute specificity 
for Chi a, and suggests that a variety of chlorins and 
bacteriochlorins could have been used successfully 
for both reaction centers and antennas during the last 
3 billion years. The most striking example of a 
natural Chi substitution is the prokaryote Acaryo- 
chloris marina (reviewed in Boichenko et al., 2000), 
in which almost all the Chi a has been replaced by 
C\i\d. 

The specific Chls, and to a certain extent the 
BChls, found in any particular taxonomic group 
have historically been used as major taxonomic 
characters. However, there have always been a few 
anomalies, e.g. the eustigmatophytes, which are heter- 
okonts according to all criteria except for their lack 
of Chi c (Green and Durnford, 1996; Chapter 11, 
Macpherson and Hiller). In addition to the trans- 
formation experiments with Synechocystis, a variety 
of reconstitution experiments also suggest that many 
antenna proteins can adapt to bind whatever Chls or 
BChls their owners are capable of synthesizing (Davis 
et al., 1996; Green, 2001). The Lhcal apoprotein of 



the red alga Porphyridium, which only binds Chi a, 
can be reconstituted with either Chi b or Chi c, 
chlorophylls that its ancestors may never have encoun- 
tered (Grabowski et al., 2001). 

The synthesis of Chls cl and c2 from the proto- 
chlorophyllide precursors requires only the formation 
of a double bond in the propionate side-chain (Chapter 
2, Scheer); this should require just one additional 
enzyme, the hypothetical ‘17^ oxidase’ (Fig. 4). 
Unfortunately, there is currently no information about 
either the enzymatic activity or the gene(s) involved. 
Since the Chls c are found only in algae whose 
chloroplasts were acquired by secondary symbio- 
genesis involving a red algal endosymbiont 
(heterokonts, cryptophytes, haptophytes and 
dinoflagellates, see Chapter 1 , Green and Anderson), 
this implies that their red algal ancestor(s) should 
have been able to synthesize Chi c, even though no 
Chls c have so far been detected in red algae 
(Chapter 2, Scheer). This question should be re- 
examined with modern analytical methods. 

The cryptophytes are the only algal group that has 
Chi c but retains phycobilins, and several bilins 
unique to this group have a double bond in the same 
propionate side chain as Chi c (Chapter 2, Scheer). 
This suggests that the same enzyme(s) may be used 
in the synthesis of both types of pigment. 

C. Isoprenoids and Carotenoids 

Isoprenoids include many types of molecule 
important in photosynthesis: carotenoids, quinones, 
sterols and the phytyl tails of the (B)Chls are all 
derived from a common precursor pool of isopentenyl 
diphosphate and its isomer dimethylallyl diphosphate. 
Two completely different pathways, the 1-deoxy- 
xylulose 5-phosphate (DOXP) and mevalonate 
pathways, provide these 5-carbon diphosphate 
precursors (Chapter 2, Scheer). Most eukaryotes and 
all archebacteria use only the mevalonate pathway, 
whereas the eubacteria use predominantly the DOXP 
pathway. However, some eubacteria also use part or 
all of the mevalonate pathway and a few appear to 
use it exclusively. Two analyses that included genomic, 
phylogenetic and biochemical data both suggested 
strongly that multiple lateral gene transfers and gene 
replacements must be invoked to explain the 
distribution of genes and pathways among the 
eubacteria (Boucher and Doolittle, 2000; Lange et 
al., 2000). Most photosynthetic eukaryotes have the 
mevalonate pathway in the cytoplasm and the DOXP 
pathway (like that of cyanobacteria) in the chloroplast. 
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However, the Chlorophyta (main line of green algae) 
appear to have retained the DOXP pathway but lost 
the mevalonate pathway (Schwender et al, 2001). 

Carotenoid biosynthesis pathways are partly 
common to all photosynthetic organisms and partly 
specific to groups of bacteria or algae. The taxonomic 
distribution of particular carotenoids and the major 
biosynthetic pathways are given in Table 1 and Fig. 8 
of Chapter 2 (Scheer). More information on 
carotenoids of anoxygenic bacteria is given by 
Takaichi ( 1 999). Takaichi and Mimuro ( 1 998) showed 
that neoxanthin is found only in the green (Chi a/b) 
line, and they suggested that neoxanthin was related 
to the presence of Chi b. However, this carotenoid is 
the precursor of abscisic acid, which may be the 
more relevant correlation. It has been suggested that 
neoxanthin synthase was derived from lycopene 
cyclase by gene duplication and divergence (Bouvier 
et al., 2000). The difference between a lycopene 
6-cyclase that adds one 6-ring and another that adds 
two has been traced to a single amino acid switch 
(Cunningham and Gantt, 2001). Unfortunately, no 
molecular phylogenetic analysis on the genes 
common to all pathways appears to have been done, 
although most of the gene sequences are known. 

D. Phycobilin Biosynthesis 

All the phycobilin pigments, including phytochrome, 
are synthesized from heme via the common 
intermediate biliverdin IXa (Chapter 2, Scheer). The 
cyanobacterial bilin reductases that produce 
phycoerythrobilin, phycocyanobilin and phyto- 
chromobilin are members of a gene family, and 
provide a nice example of gene duplication followed 
by divergence (Frankenberg et al., 2001). They are 
distantly related to the red chlorophyll catabolite 
reductases of the Chi degradation pathway in higher 
plants (Wuthrich et al., 2000). 

V. Photosynthetic Reaction Centers and 
the Core Antenna Family 

A. Three-Dimensionai Structures of Reaction 
Centers and Core Antennas 

More than ten years ago, it was suggested that both 
PS I-type and PS Il-type reaction centers had enough 
similarities in design and function that they must 
have had a common ancestor (Nitschke and 
Rutherford, 1991; Golbeck, 1993). The high 



resolution x-ray crystallographic structures of 
cyanobacterial PS I (Schubert et al., 1998; Fromme 
et al., 2001; Jordan et al., 2001; Chapter 8, Fromme 
et al.) and the purple bacterial RC (Michel and 
Deisenhofer, 1988), along with the lower resolution 
structure of PS II (Zouni et al. 2001; Chapter 7, 
Dekker and van Amerongen) show such strong 
similarities that there is no longer much doubt about 
their common origin. In contrast, there are substantial 
differences between the protein sequences, which 
can even be misleading in predicting the three- 
dimensional structure (Schubert et al., 1998). 
Although the two proteins that make up the reaction 
center of PS I have 1 1 membrane-spanning helices, 
as compared to the five helices of the purple RC, the 
arrangement of the inner (C-terminal) five helices of 
PsaA and PsaB is remarkably similar to those of the 
purple bacterial L and M subunits (Chapter 5, Robert 
et al.) and the D1/D2 subunits of PS II (Chapter 7, 
Dekker and van Amerongen; Zouni et al., 2001). 

The outer (N-terminal) six helices of the PS I 
proteins PsaA and PsaB are structurally related to the 
six helices of CP43 and CP47, the core antennas of 
PS II (Schubert et al., 1998; Barber et al., 2000; 
Jordan et al., 200 1 , Zouni et al., 2001). It appears that 
in PS II, the antenna parts (CP47, CP43) are detached 
from the RC-protecting parts (Dl, D2) but maintain 
the same relative positions in the macromolecular 
complex (Fig. 5). However, this conclusion is 
supported mainly by the three-dimensional similarity, 
as the amino acid sequence similarity between the 
PS I and PS II core antennas of cyanobacteria is not 
statistically convincing (reviewed in Schubert et al., 
1998; Baymann et al., 2001). This means that any 
phylogenetic tree that attempts to include all 
photosynthetic reaction centers (Xiong et al., 1998) 
is questionable. Furthermore, in the cyanobacterial 
PS I structure, not all the antenna Chls are bound by 
the outer six helices; some are bound by the inner 
helices and some by other polypeptides of the PS I 
complex (Jordan et al., 2001; Chapter 8, Fromme et 
al.). What this means is that there has been a very 
long time for diversification and adaptation since the 
divergence of the two photosystems. 

B. The Core Compiex Antenna Famiiy 

The Core Complex antenna family as defined by 
Green and Durnford (1996) includes the six N- 
terminal helices of PsaA and PsaB along with CP47, 
CP43, IsiA and the prochlorophyte Pcb’s (Chi a/b 
antennas). However, because the PS I core antennas 
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PsaA 





Fig. 5. Core Complex family of the cyanobacterial/chloroplast line (oxygenic photosynthesizers). The C-terminal five helices of PsaA 
and PsaB (PS I) are analogous to the D1 and D2 subunits of PS II; the outer six helices to CP47 and CP43. IsiA, iron deficiency-induced 
antenna protein; Pcb, prochlorophyte Chi a/b antenna proteins. Arrows: lumenal loops between fifth and sixth transmembrane helices. 
These loops are much longer in CP43 and CP47 than in the other family members. 



are so divergent (see above), the following discussion 
is mainly restricted to the other members of the 
family. 

1. CP47, CP43 and IsiA 

The cyanobacteria/plastid lineage is the only one 
that has multiple members of the Core Complex 
antenna family. In addition to CP47 (PsbB) and 
CP43 (PsbC), this family includes the IsiA proteins 
and the prochlorophyte Chi a/b proteins (Pcbs), all of 
which are predicted to have six trans-membrane 
helices (Green and Durnford, 1 996; Chapter 1 , Green 
and Anderson). The major difference among them is 
in the length of the lumenal loop between the fifth 
and sixth trans-membrane helices. These loops are 
much longer in CP47 and CP43 than in the Pcbs, 



IsiAs, or PsaA/B (Fig. 5). If the loop regions unique 
to CP47 and CP43 were detached, they would be 
equivalent to individual lumenal proteins of 12 and 
10 kDa respectively. The insertion(s) of these loop 
sequences could have been correlated with the 
acquisition of water-splitting ability, since there is 
considerable evidence that the loop regions are 
involved in binding and protecting the Mn-cluster 
Putnam-Evans and Bricker, 1997; Rosenberg et al., 
1999). 

The six-helix members of the Core Complex family 
have enough sequence similarity to be reliably aligned 
and used for phylogenetic tree construction (La Roche 
et al., 1996; van der Staay et al., 1998). These trees 
show that PsbB (CP47) is the most divergent member 
of the family, consistent with higher selective 
pressures due to its intimate connection with the 
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water-splitting apparatus. They are consistent with 
the idea that PsbB and PsbC (CP43) arose by 
duplication of an ancestral gene, and that the IsiA 
proteins are more closely related to PsbC than to 
PsbB. 

The IsiA proteins of cyanobacteria are Chi a- 
binding proteins expressed only under conditions of 
Fe deprivation, during which the phycobilisomes 
and photosystems are down-regulated and total Chi/ 
cell decreases (Reithman and Sherman, 1988; Ferreira 
and Straus, 1994). They bind only Chi a, since their 
owners make only Chi a. At least one isiA gene has 
been found in every cyanobacterium examined to 
date (Geiss et al., 2001; Ting et al., 2002). There has 
been an on-going debate about the function of these 
chlorophyll-proteins, with suggestions ranging from 
light-harvesting to energy dissipation to being a 
simple Chi reservoir (Burnap et al., 1993; Park et al., 
1999; Geiss et al., 2001; Sandstrdm et al., 2001; 
Chapter 1, Green and Anderson). Since most of the 
experimental studies had focused on PS II, it was a 
surprise when the IsiA Chi a-protein (also called 
CP43') was discovered to be associated with PS I, 
forming a ring of 1 8 subunits around the trimeric PS 
I complex, in both Synechocystis PCC 6803 (Bibby 
et al.. 2001a) and Synechococcus PCC 7942 
(Boekema et al., 2001). Both groups demonstrated 
energy transfer from CP43' to PS I, showing that 
CP43' acts as a PS I light-harvesting antenna under 
conditions of Fe deprivation. This would explain the 
observation that cyclic electron flow around PS I is 
enhanced under iron stress (Ivanov et al., 2000). 

2. The Pcbs (Prochlorophyte Chi a/b Proteins) 

‘Prochlorophyte’ refers to the three cyanobacteria 
(Prochloron, Prochlorothrix, Prochlorococcus) that 
differ from other cyanobacteria in having Chi a/b 
antennas and little or no phycobiliprotein antenna 
(Matthijs et al., 1995). These species are not closely 
related to each other or to the putative ancestor of the 
chloroplast (Wilmotte, 1994; Turner et al., 1999; 
Ting et al., 2002). Although Prochlorococcus was 
only discovered in 1988 (Chisholm et al., 1988) it is 
now recognized as an important member of the 
phytoplankton community in subtropical waters 
(reviewed in Partensky et al., 1 999; Ting et al., 2002). 
It is most closely related to marine strains of 
Synechococcus (Hess et al., 2001) and together they 
account for a significant fraction of the ocean’s 
productivity (reviewed iiiTing et al., 2002). Genomes 



of both high-light-adapted and low-light-adapted 
ecotypes have been sequenced (Hess et al., 2001). In 
contrast to the other two prochlorophytes, Prochloro- 
coccus has divinyl-Chls a and b, i.e. the 8-vinyl side- 
chain has not been reduced, suggesting that the chlJ 
gene has been lost or is poorly expressed (Fig. 4). 

The Pcb (prochlorophyte Chi ^-binding) proteins 
are completely unrelated to the Chi a/b proteins of 
plants and chlorophyte algae (LaRoche et al., 1996). 
They bind both Chls a and b, or divinyl-Chl a and b, 
in various ratios depending on the organism (Matthijs 
et al., 1995; Partensky et al., 1999). Prochlorothrix 
hollandica has three pcb genes in a single operon; 
two closely related ones encoding polypeptides of 
about 34 kDa and a third (pcbC) that is more divergent 
and encodes a 38 kDa polypeptide (van der Staay et 
al., 1998). Different environmental isolates of Pro- 
chlorococcus have different numbers of pcb genes: 
the high-light adapted strain MED4 has only one 
(LaRoche et al., 1 996), but the low-light strain SSI 20 
has seven (Garczarek et al., 2000; 2001). In the low- 
light strain, but not the high-light strain, Pcb proteins 
form a ring around PS I (Bibby et al., 2001b), similar 
to the rings of CP43' subunits around PS I in 
Synechocystis (Bibby et al., 2001a) and Synecho- 
coccus (Boekema et al., 2001). 

We earlier suggested that the Prochlorothrix and 
Prochlorococcus Pcb’s could have originated through 
independent duplications and that the third Prochloro- 
thrix gene (pcbC) was the result of a second 
independent duplication involving an ancestral gene 
more closely related to CP43 than IsiA (van der 
Staay et al., 1998). An interesting twist to this story 
has been added by the recent discovery of Fe- 
deficiency-induced genes that more closely resemble 
Prochlorothrix pcbC than isiA, in Fischerella and 
Anabaena, two cyanobacteria that do not make Chi b 
(Geiss et al., 200 1 ). Figure 6 shows that Prochlorothrix 
PcbC and the PcbC-like proteins branch together and 
are distinctly separated from the IsiA proteins of the 
same species, with good bootstrap support. The other 
Pcb proteins appear to form species-specific clusters. 

The Core Complex family is thus more widespread 
and diverse than was realized even a few years ago. It 
appears likely that iron limitation was a significant 
factor in driving the proliferation of this family. 
Cyanobacteria suffer the results of their own 
evolutionary success in inventing the ability to split 
water. Soluble Fe is in limited supply in the biosphere 
as a direct result of cyanobacterial activities, i.e. the 
pollution of the atmosphere by increasing levels of 
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Fig. 6. Phylogenetic tree of core antenna family proteins: CP43, IsiA and Pcb, including the PcbCs of Fischerella (Fisch) md Anabaena 
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oxygen and the resultant precipitation of Fe during 
the Proterozoic era (Fig. 1 ). As a result, large areas of 
the world’s oceans are very poor in Fe. These are the 
areas where Prochlorococcus and marine Synecho- 
coccus are found in abundance (Ting et al., 2002). 
The fact that members of this family can bind either 
Chi a alone or a mixture of Chi a and Chi b suggests 
they bind whatever pigments are made available to 
them, which in turn implies that the evolution of the 
proteins is separate from the evolution of the pigment 
biosynthesis pathways (Section IV; Green, 2001 

VI. Phycobiliproteins 

A. The family Tree — Duplication and 
Divergence 

Phycobilisomes are found in cyanobacteria, glauco- 
phytes and red algae (Chapter 7, Mimuro and Kikuchi; 



Chapter 10, Gantt et al.; Sidler, 1995; MacColl, 
1998). The phycobiliproteins bind a limited number 
of bilin pigments, which differ only in having a 
variable number of double bonds (5-8) and in having 
either one or two vinyl groups available for thioether 
linkage to the corresponding biliprotein (Chapter 2, 
Scheer). The major pigment proteins are phyco- 
erythrin, phycoerythrocyanin, phycocyanin and 
allophycocyanin, each of which has a and (3 protein 
subunits. This protein family gives a very good 
illustration of ‘fine-tuning’ by the polypeptide moiety; 
even though they contain a limited number of 
pigments, the pigment-proteins have a very broad 
range of light absorption between 490 and 600 nm, a 
range where the chlorophylls have very little 
absorption. 

The extended family of a and (3 polypeptides is a 
good example of multiple gene duplications and 
divergence resulting in functional diversity. Thanks 
to the large number of available sequences, their 
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Fig. 7. Phylogenetic tree of the phycobiliproteins. AP, allophycocyanin; APB, allophycocyanin-B, PC, phycocyanin; PE, phycoerythrin; 
PEC, phycoerythrocyanin; TEA, linker. Numbers on a branch indicate the percent statistical support for the separation of that branch from 
the rest of the tree. Adapted from Apt et al. (1995). 



relatively large size, and the availability of a number 
of crystallographic structures to aid in alignment, 
phylogenetic analysis has been particularly inform- 
ative (Ducretet ah, 1994; Apt et ah, 1995). The a and 
(3 subunits form two separate branches of the tree 
(Fig. 7), suggesting that tandem duplication of an 
ancestral gene early in the evolutionary history of the 
cyanobacteria gave an a-f3 operon and that subsequent 
rounds of duplication and divergence of the operon 
produced the family of phycobiliprotein genes. There 
are a number of subgroups in each class of 
phycobiliprotein, and their a and /3 subunits appear 
to have co-evolved. This co-evolution is under- 
standable when the large number of residues involved 
in a-(3 interaction is taken into account (Apt et al., 
1995). 

The large core-membrane linker polypeptide (L^^,^) 
that attaches the allophycocyanin cores to the 
photosynthetic membrane in the vicinity of 
Photosystem II is an evolutionary mosaic (Sidler, 
1995). Its chromophore-binding N-terminal half is 
part of the a/p family (TEA domain in Fig. 7), while 
the C-terminal half is related to the other linker 
polypeptides (Sidler, 1995). The TEA domain tends 
to cluster with the a-allophycocyanins, but the 
position of the root in this tree is not very robust 



(Ducret et al., 1994; Apt et al., 1995). 

The phycobiliproteins have the globin fold 
(Schirmer et al., 1985) and bind their chromophores 
via Cys residues at comparable positions to those 
that bind globin hemes. However, sequence similarity 
is negligible, even when the three-dimensional struc- 
tures are aligned (Bashford et al., 1987). Does this 
mean that the globins and the phycobiliproteins shared 
a common ancestor? The globin fold has been found 
in a number of other proteins such as colicins, which 
do not bind any heme or heme derivative (Holm and 
Sander, 1993). Profile analysis of all members of the 
globin superfamily, phycocyanin and colicin suggest 
that the latter two represent convergent evolution of 
a protein fold (Bashford et al., 1987; Holm and 
Sander, 1993; Moens et al., 1996). 

B. Losses 

The picture above is the ‘standard’ phycobilisome. A 
number of cyanobacteria lack phycoerythrin, 
probably as a result of independent secondary losses; 
in some strains phycoerythrins are replaced with 
phycoerythrocyanin (Apt et al., 1995; MacColl, 
1998). A strain of the red alga Rhodella reticulata 
possesses a functional phycoerythrin that has only /3 
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subunits, i.e. it has trimers instead of {a (3)^ trimers 
(Thomas and Passaquet, 1999). Acaryochloris 
marina, an unusual cyanobacterium that has mainly 
Chi d, has rod-shaped structures made up of phyco- 
cyanin and allophycocyanin (Marquardt et al, 1997; 
Huetal, 1999). 

None of the Chi a/b containing prochlorophytes 
(cyanobacteria) has phycobilisomes. However, 
several strains of Prochlorococcus have genes for 
phycoerythrin subunits (Hess et al., 1996, 1999; 
Penno et al., 2000; Ting et al., 2001). Sequence 
analysis suggests that these genes are evolving rapidly 
(Ting et al., 2001). In the low-light-adapted strain 
SSI 20, these genes are expressed, although weakly, 
and both a and (3 subunits accumulate (Hess et al., 
1 996; 1 999). In the high-light-adapted strain MED4, 
no a subunit gene could be detected in the complete 
genome sequence, and the (3 subunit gene is very 
divergent, lacking several highly conserved residues 
needed for chromophore binding (Hess et al, 2001; 
Ting et al., 2001). 

C. Cryptophyte Phycobiliproteins 

Some unique phycobiliproteins are found in the 
cryptophytes (Chapter 1 1 , Macpherson and Hiller; 
Glazer and Wedemayer, 1995; Wedemeyer et al., 
1996), an algal group that acquired its chloroplast 
and nucleomorph (relict endosymbiont nucleus) from 
a red alga by secondary endosymbiogenesis (Chapter 
1, Green and Anderson; Douglas and Penny, 1999; 
Zauner et al., 2000; Douglas et al., 2001). 
Cryptophytes do not form phycobilisomes, but rather 
a^a2f3[3 dimers that are located in the thylakoid 
lumen (Ludwig and Gibbs, 1989). Any one species 
or strain contains only phycoerythrin or a so-called 
‘phycocyanin,’ which is actually a phycoerythrin 
(Glazer and Wedemayer, 1 995). They bind a number 
of novel bilins that further extend the range of 
wavelengths absorbed; their structures and absorb- 
ances are displayed in an excellent color graphic in 
the paper by Wedemeyer et al. (1996); see also 
Chapter 2 (Scheer). Two of the bilins unique to 
cryptophytes have a double bond in the same 
propionyl side chain as the double bond that 
distinguishes the Chls c. On the basis of parsimony, 
one would expect the same enzyme or close relatives 
to catalyze the two reactions. Perhaps the double 
bond in Chi c is the only trace of the phycobilin 
biosynthetic pathway that was possessed by all the 



ancestral chromophytes before they lost the red algal 
nucleus and all the phycobiliprotein genes. 

The chloroplast-encoded p subunits of crypto- 
phytes cluster with red algal p subunits in 
phylogenetic trees (Ducret et al., 1994; Apt et al., 
1995). However, the nuclear-encoded a subunits 
show no sequence relatedness to a subunits of other 
organisms, and in fact are not related to any other 
sequences in the databanks (Chapter 12, Macpherson 
and Hiller), not even the linkers of red algae (Apt et 
al., 2001). The crystal structure (Wilk et al., 1999) 
shows that these a subunits have the same fold as a 
small linker polypeptide (L^_^ g) of a cyanobacterial 
allophycocyanin. This suggests that a linker 
polypeptide that was already binding a chromophore 
may have been recruited to a new role. 

The phylogenetic trees of all a and p subunits 
(Fig. 7) support Glazer’s original idea (1976) that all 
the phycobiliproteins descend from one ancestral 
gene. Glazer and Wedemayer (1995) later suggested 
that cryptophyte biliproteins represented the ancestral 
state, and that the secondary endosymbiotic event 
involved the engulfing of a photosynthetic eukaryote 
with Chi a, Chi c and a phycoerythrin p subunit. 
However, the evidence that the cryptophyte and red 
algal chloroplasts are related is now so strong 
(Douglas and Penny, 1999; Zauner et al., 2000; 
Douglas et al., 2001) that it is much more likely that 
multiple losses (of phycocyanin, allophycocyanin 
and various linkers) were the consequence of 
secondary endosymbiogenesis. 

VII. LHC Superfamily 

A. A Family Unique to Cyanobacteria and 
Eukaryotes 

The LHC family includes all the three-helix 
membrane-intrinsic Chi a/b, Chi a/c and Chi a protein 
complexes of photosynthetic eukaryotes, as well as 
the ELIPs (early light-induced proteins) of green 
algae and plants (Green et al., 1991; Green and 
Durnford, 1996; Chapter 1, Green and Anderson). 
The ELIPs are induced in response to high light, 
desiccation and other stresses, and they appear to 
have a photoprotective rather than a light-harvesting 
role (Adamska, 1997; Montane and Kloppstech, 
2000) 

The family also includes a number of one-helix 
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proteins whose sequences are related to the first and 
third helices of the three-helix antennas and ELIPs 
(Dolganov et ah, 1995; Funk and Vermaas, 1997). 
The Hlips (high-light-induced proteins), also called 
Scps (small cab-like proteins), are found in all 
cyanobacteria so far examined. Genes for related 
one-helix proteins are also found in the chloroplast 
genomes of red algae, glaucophytes and cryptophytes 
(reviewed in Green and Kiihlbrandt, 1995), the 
nucleomorph genome of a cryptophyte (Douglas et 
al., 2001), and the nuclear genome of Arabidopsis 
(Jansson, 1999; Janssonet al., 2000). Othermembers 
of the family, the two-helix Seps (stress-expressed 
proteins) (Heddad and Adamska, 2000) and the four- 
helix PsbS protein of PS II (Kim et al., 1992; Wedel 
et al., 1992), are nuclear encoded, like all the three- 
helix LHCs and ELIPs, and have been found only in 
higher plants. There is no evidence for members of 
the LHC superfamily outside of the cyanobacteria/ 
plastid line. 

The unifying signature of the LHC superfamily is 
a membrane-spanning helix with a motif of Chl- 
binding resides and a pattern of small and large 
amino acid side-chains that permit helices to pack 
together (Fig. 8). In the three dimensional structure 
of pea LHCII (Kiihlbrandt et al., 1994), the first and 
third trans-membrane helices are doubly cross-linked 
by ionic bridges between the Glu on one helix and 
the Arg on the other. This pattern of residues is found 
in all the single-helix members of the family, 
suggesting that they may be able to form homodimers 
in vivo (Dolganov et al., 1 995; Green and Kuhlbrandt, 
1995). 

The first model for the origin of this family was 
inspired by the discovery of a four-helix member of 
the family, now called PsbS (Kim et al. 1992.; Wedel 
et al., 1992). The first pair of helices are highly 
related to the second pair of helices, suggesting that 
a two-helix ancestor underwent a tandem gene 
duplication-fusion event, giving a four helix 
intermediate that later lost one helix to give the 
ancestral three-helix protein (Green and Pichersky 
1994; Green and Kuhlbrandt 1995). The two-helix 
precursor would have originated from the fusion of a 
gene for a single-helix Hlip-like protein with another 
sequence encoding a potential membrane-spanning 
helix. This model appeared to be strengthened when 
genes for both one-helix (Ohps) and two-helix (Seps) 
members of the family were found in the Arabidopsis 
genome (Jansson, 1999; Heddad and Adamska, 2000; 



Jansson et al., 2000). However, PsbS itself is almost 
certainly not an ancestral intermediate, since no 
psb?> transcript has been found in the Porphyra or 
Chlamydomonas EST databases (Nikaido et al., 2000; 
B. R. Green, unpubl.). As of this writing, it appears 
that PsbS is a relatively modern invention, probably 
restricted to the higher plant line (Fig. 9). 

A simpler hypothesis involves duplication of a 
chromosomal segment carrying an hli-likQ gene, 
with the inclusion of enough additional sequence 
between the two copies to promote the formation of 
the middle transmembrane helix. There would have 
been selective pressure for accumulation of 
hydrophobic residues in this middle segment, because 
it would have enabled the first and third helices to 
retain their original orientation in the membrane and 
to form the ionic bridges. There is no convincing 
sequence relatedness between the middle helices of 
LHCs and ELIPs, so they might have originated in 
separate events. 

B. The Three-helix Light-harvesting Antennas 
(LHCs) 

1. Phylogenetic Relatedness of the 
Polypeptides 

All the light-harvesting members of the LHC 
superfamily are predicted to have three trans- 
membrane helices and to fold similarly to LHCII of 
pea, whose structure has been determined by electron 
crystallography (Kuhlbrandt et al., 1994). Phylo- 
genetic trees based on all the available protein 
sequences (Durnford et al., 1999; Deane et al, 2000) 
showed several key points. First of all, the Chi a/b 
and Chi a/c proteins were clearly separated. Secondly, 
the divergence of the Chi a/b line into three groups, 
two of which are predominantly associated with only 
one photosystem, happened after its separation from 
the line leading to the Chi a/c proteins (Caron et al., 
1996; Durnford et al., 1996; Green and Durnford, 
1996). One of these branches includes Lhcbl,2,3 
and 5 and the algal LHCIIs, all of which are associated 
with PS II (Fig. 10). In the green alga Chlamy- 
domonas, sequences can be clearly assigned to Lhcb4 
(CP29) and Lhcb5 (CP26), which suggests that these 
complexes were distinct entities prior to the 
divergence of the streptophyte (plant) and chlorophyte 
(green algal) lineages (Teramoto et al., 2001). In 
contrast, the green algal LHCII sequences are on a 
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Fig. 8. Conserved sequence motifs in the trans-membrane helices of the LHC superfamily. The five boxed Chl a’s are those identified in 
the electron crystallographic structure of pea LHCII (Kiihlbrandt et ah, 1994); the residues binding them are in white letters on black 
background. Helices 1 and 3 are named B and A in Kiihlbrandt et al.(1994). Dotted lines indicate a cross-linking ionic bridge between 
the Chl-binding Glu on one helix with the Arg on the other helix. The C-temiinal conserved Glu in ELIPs, Hlips and helix 1 of LHCs may 
have a role in energy dissipation. Light grey background, small conserved residues; dark grey background, generic hydrophobic residues 
(FILMVWY). Lhca, PS I-associated; Lhcb, PS Il-associated; Fcp, fucoxanthin Chl a/c; ct (ycfi 7), chloroplast-encoded Hlip; nucleomorph, 
nucleus indicate locations of genes for Hips and Ohp; Ohp, one-helix protein; Tom, tomato, Chlam, Chlamydomonas reinhardtii; Red, 
Porphyridium cruentum; Het, Heterosigma akashiwo; Ara, Arabidopsis thaliana; G. theta, Guillardia theta 
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separate branch from the higher plant Lhcbl, Lhcb2 
and Lhcb3 sequences, suggesting that the three 
polypeptides of higher plant LHCII diversified after 
the streptophyte-chlorophyte split (Durnford et ah, 
1999; Teramoto et al, 2001). 

Thirdly, the red algal Lhca’s and the cryptophyte 
Chi a/c proteins were found at the base of the Chi a/c 
clade^ (Durnford et ah, 1999) or formed a sister 
group to the main Chi a/c branch (Deane et ah, 
2000). This was further support for the concept that 
the heterokont, haptophyte, cryptophyte and 
dinoflagellate lines (all those with Chi a/c LHCs) 
obtained their plastids from a red algal endosymbiont 
(Delwiche and Palmer, 1997; Douglas et al., 2001). 
However, recent analyses have added some compli- 
cations. A sequence from the diatom Cyclotella 
cryptica and two sequences from the raphidophyte 
Heterosigma akashiwo are more closely related to 
the red algal Lhcas (associated only with PS I) than 
to the rest of the heterokont Chi a/c proteins (Eppard 
and Rhiel, 1998; Eppard et al., 2000; K. Ishida, 
unpublished). The tree shown in Fig. 10 includes 
these sequences and new red algal sequences from 
Galdieria sulphuraria (Marquardt et al., 2001) and 
the Porphyra EST database (Nikaido et al., 2000; K. 
Ishida, unpublished). Because of the amount of 
sequence divergence in this inclusive collection, only 
132 amino acid positions (60-75% of the mature 
polypeptides) were used to construct the tree. The 
tree shows strong bootstrap support (99%) for a ‘Red 
algal Lhca clade’ which includes the cryptophyte 
and the anomalous heterokont sequences. The rest of 
the Chi a/c proteins form a separate, well-supported 
(96%) clade. However, support for a combined red 
algal Lhca-Chl a/c clade is weak (62%) in this 
particular tree. 

The finding that all the cryptophyte Chi a/c protein 
sequences obtained so far cluster with the red algal 
LHCIs suggests that these cryptophyte antenna pro- 
teins may be associated primarily with PS I, in 
agreement with some biochemical evidence (Bathke 
et al., 1999). The anomalous heterokont sequences 
that are solidly in the red algal clade suggest that the 
heterokont algae may also have an antenna specifically 
associated with PS I, something that has never been 
reported. The fact that red algae, and maybe 
cryptophytes, have LHC antennas associated only 
with PS I suggests the possibility that the ancestral 
LHC may have been PS I-associated, and that the 

' A clade is a moiiophyletic group that includes all the descendants 
of a common ancestor. 



Other Chi a/c and Chi a/b antennas evolved from this 
LHC separately in the red and green lineages, 
coincident with loss of phycobilisomes. 

However, there is a newly recognized section of 
the LHC family that is common to both the Chi a/c 
and Chi a/b lineages, labeled ‘LI8 1 8 clade’ in Fig. 1 0 
(Deane et al., 2000; Richard et al., 2000). Richard et 
al. (2000) were the first to point out that a very 
divergent haptophyte Chi a/c sequence (LaRoche et 
al., 1994) and two divergent Cyclotella sequences 
(Eppard et al., 2000) were most closely related to a 
mysterious Chlamydomonas protein named LI818 
(Savard et al., 1 996). They suggested that LI8 1 8 may 
have a photoprotective role during the early stages of 
chloroplast development and that members of the 
clade are probably quite ancient (Richard et al., 
2000). It is possible that this clade is closest to the 
ancestral LHC. 

2. Reconstitution Experiments Suggest 
‘Moiecuiar Opportunism’ in Chi Binding 

As mentioned above, modern members of the LHC 
family have a considerable degree of flexibility in 
pigment binding, suggesting that their ancestors also 
were able to adapt to binding a variety of different 
Chls and carotenoids. Reconstitution experiments 
on Chi a/b proteins suggest that at least some of the 
eight Chl-binding sites common to all Chi a/b proteins 
can ligate either Chi a or b (Meyer et al. 1996; 
Giuffra et al., 1997; Bassi et al., 1999; Kleima et al., 
1 999). One of these proteins can even be reconstituted 
almost exclusively with Chi b, although with 
somewhat altered energy-transfer characteristics 
(Kleima et al., 1999). Furthermore, Grabowski et al. 
(200 1 ) demonstrated that a red algal LHC apoprotein 
(LhcaRl) could be reconstituted with the pigments 
from either a higher plant or a chromophyte alga, and 
that the reconstituted pigment-protein could perform 
the critical function of transferring energy absorbed 
by the accessory Chi (Chi b or Chi c) to Chi a. 
Approximately eight Chls were bound per polypeptide 
chain, the same as the number bound when the 
protein was reconstituted with its own pigments, and 
close to the number found in the native complex. It 
therefore appears that the Chl-binding sites on the 
LHC protein may be conserved, but are not 
particularly specific for which Chi they bind, and in 
fact can bind Chls that their ancestors probably never 
encountered (Green, 2001). 
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C. ELIPs, Seps and Hlips 

The interesting thing about these members of the 
LHC super family is that most of them are involved 
in photoprotection (Adamska, 1 997). The three-helix 
ELIPs have been shown to bind carotenoids and a 
small amount of Chi (Adamska et ah, 1999). They 
are not included in the tree of Fig. 10 because they 
have little sequence relatedness to the LHCs outside 
of the first and third transmembrane helix, so sequence 
alignments would be guesswork. They have not been 
seen in any alga in the red line, but it would be 
premature to conclude that they are restricted to the 
green line. The two-helix Sepl and Sep2 are induced 
only by high light stress (Heddad and Adamska, 
2000). The one-helix Hlips of the cyanobacterium 
Synechocystis PCC6803 are induced in response to 
high light stress, and to nutrient deprivation that 
leads to high light stress (Dolganov et al. 1995; He et 
ah, 2001). The involvement of members of the LHC 
superfamily in carotenoid accumulation and high- 
light-stress response has led to the suggestion that 
the prokaryotic ancestors were originally high light- 
stress response proteins, with some three-helix 
members of the family later evolving the ability to 
cope with low light levels by binding more Chi 
(Green and Kiihlbrandt, 1995; Gantt, 1998; Montane 
and Kloppstech, 2000). 

D. Endosymbiosis and the Evolution of the 
LHC Superfamily 

No three-helix members of the LHC family have 
been found in cyanobacteria or in one group of 
photosynthetic eukaryotes, the glaucophytes (Steiner 
and Loffelhardt, 2002). The glaucophytes retain a 
vestige of the cyanobacterial proteo-glycan cell wall 
between the two envelope membranes of their 
chloroplast(also called a ‘cyanelle’). Molecular data 
support the idea that this group of algae may have 
been the earliest to branch off from the common 
ancestor of all photosynthetic eukaryotes, prior to 
the divergence of the red and green lines (Bauldauf et 
al, 2000; Moreira et al., 2000). The glaucophyte 
plastid genome carries a gene for a single-helix Hlip, 
but we have no information about its function. 

If this scenario is correct, it means that the three- 
helix members of the LHC family evolved in the 
common ancestor of the red and green algae, after 
they had diverged from the glaucophyte line. Since 
there are no plastid-encoded three-helix LHCs, the 



existence of nucleus-encoded one-helix relatives 
suggests that a copy of the one-helix ancestral gene 
was first transferred to the nucleus in the red-green 
common ancestor and that the ancestral three-helix 
LHC evolved in the nucleus before the divergence of 
the red and green lines. It is most likely that these 
plastids still had phycobilisomes and made Chi b as 
well as Chi a (Bryant, 1992; Tomitani et al., 1999). 

Many lines of evidence now support the idea that 
several algal groups obtained their plastids by 
secondary endosymbiosis (Chapter 1, Green and 
Anderson). The eukaryotic endosymbiont not only 
provided the plastid, but also transferred many nuclear 
genes to the new host’s nucleus. The LHC trees 
support the idea that Euglena and Chlorarachnion 
acquired their chloroplasts from green algal 
endosymbionts (Deane et al., 2000), and that all Chi 
a/c plastids originated from a red algal endosymbiont. 
The evidence for the latter is particularly strong for 
the cryptophytes, which still have a relict nucleus 
(nucleomorph) from the red algal ancestor. In 
Guillardia theta there is an hli gene on the plastid 
genome and a different hli gene on the nucleomorph 
genome (Douglas et al., 2001). However, the three- 
helix LHC genes are found only in the nuclear 
genome (Deane et al., 2000; Chapter 1 1 , Macpherson 
and Hiller). 

VIII. Single Membrane Helix Antennas of 
Purple and Green Filamentous Bacteria 

Purple bacteria and green filamentous bacteria have 
membrane-intrinsic antennas that are multimers of a 
heterodimer consisting of one a and one /3 
polypeptide chain, 2-3 Bhl and one or two carotenoids 
(Chapter 5, Robert, Cogdell and van Grondelle; Zuber 
and Brunisholz, 1991; Zuber and Cogdell, 1995). 
The a and p subunits are small polypeptides (5-7 
kDa), each of which has one membrane-spanning 
helix containing a conserved His residue that binds a 
BChl. There are two types of antenna complex: the 
core LHl (B875), believed to be a ring of 16 dimers 
around the reaction center, and the peripheral LH2 
(B800-850) and LH3 (B800-820), organized in 
smaller rings separate from the reaction center. The 
LH polypeptide sequences do not contain enough 
information for phylogenetic tree construction 
because of their shortness and the preponderance of 
‘generic’ hydropathic residues in the membrane- 
spanning domain. However, simple alignment shows 
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clearly that the a subunits of all species are related to 
each other, and so are the (3 subunits. (Zuber and 
Brunisholz, 1991; Zuber and Cogdell, 1995; see Fig. 
2 in Chapter 5, Robert et al). The a and (3 subunits 
share only a conserved BChl-binding His, but given 
their functional similarities it is most likely they had 
a common ancestor. 

The a and /3 polypeptides of the green filamentous 
bacterium Chloroflexus are clearly related to the a 
and (3 polypeptides of the purple bacteria (Zuber and 
Cogdell, 1995). The presence of related proteins in 
two such otherwise unrelated groups of bacteria 
suggests strongly that lateral gene transfer was 
involved, but does not tell us which group of bacteria 
originated this type of antenna. If a and (3 subunits 
diverged subsequent to an ancestral gene duplication, 
the duplication must have predated the lateral transfer 
between the purple and green non-sulfur groups of 
bacteria. 

The most interesting thing about protein compar- 
isons in this family is that seemingly small differences 
in protein-chromophore interactions are responsible 
for a range of absorbing wavelengths from 800 nm to 
890 nm in the Bhl a containing species (Chapter 5, 
Robert et al.). This is extended even further to 10 1 5- 
1020 in the BChl Z?-containing species Blastochloris 
(Rhodopseudomonas) viridis mdEctothiorhodospira 
halochloris. These interactions can be studied in 
vitro by reconstitution of mutant LH polypeptides 
with BChl a (Davis et al., 1997), or by the 
reconstitution of native polypeptides with a variety 
of natural and synthetic BChl derivatives (Davis et 
al., 1996; Fiedor et al., 2001). Furthermore, the high- 
resolution structures of two LH2s and one LH3 
(McLuskey et al., 2001) provides the spatial 
information for designing detailed structure-function 
studies. 



IX. Antenna Proteins Unique to Certain 
Groups 

In contrast to the Core Complex family, which is 
present in some form in the three groups of bacteria 
with PS I-type photosystems (cyanobacteria, green 
sulfur bacteria and heliobacteria), and the LHC 
superfamily, which is present in all cyanobacteria 
and photosynthetic eukaryotes, some antennas have 
a much more restricted distribution. In two of these 
cases, lateral gene transfer provides the best 
explanation for their pattern of occurrence. 



A. Chlorosomes and the FMO Protein of 
Green Bacteria 

Chlorosomes are found in both the green sulfur 
bacteria (Chlorobiaceae) and the green gliding 
bacteria (Chloroflexaceae) (Chapter 6, Blankenship 
and Matsuura). The proteins of the Chlorobium 
chlorosome belong to several gene families and show 
evidence of domain swapping (Vassilieva et al, 2002). 
Chloroflexus chlorosomes have a simpler protein 
complement than those of Chlorobium, but at least 
two of their maj or proteins appear to be related to two 
of the Chlorobium proteins (Blankenship et al, 1 995). 
This suggests a common but distant evolutionary 
origin for the two kinds of chlorosome. Several BChl 
biosynthesis genes of Chlorobium also appear more 
closely related to those of Chloroflexus (Xiong et al., 
2000; Eisen et al., 2002; Xiong and Bauer, 2002). 
The two types of green bacteria are otherwise not at 
all related, and have different types of reaction centers 
and membrane-intrinsic antennas (Table 1), indicating 
the possibility of lateral gene transfer. 

The FMO BChl a protein is found only in green 
sulfur bacteria. It owes its fame to the fact that the 
FMO trimer from Prosthecochloris aestuarii was 
the first chlorophyll-protein structure determined to 
high resolution (Matthews et al., 1979). However, it 
turned out to be quite atypical as it is the only such 
protein that consists of a j8-barrel with the BChl 
wrapped inside. Its only relative in the databanks is 
the FMO protein from Chlorobium, which has an 
almost identical protein fold (Li et al., 1997). The 
origin of this protein is a mystery. 

B. Peridinin-Chl a Protein of Dinoflageilates 

The peridinin-Chl a protein is found only in 
dinoflageilates (Chapter 1 1 , Macpherson and Hiller). 
Its sequence has been determined for a number of 
species, and the sequences are all related. The larger 
members are clearly the result of duplication and 
fusion of two copies of a smaller gene (Norris and 
Miller, 1 994; Hiller et al., 200 1 ). There are no obvious 
relatives in the sequence databanks, and the three- 
dimensional structure has a unique fold (Hofmann et 
al., 1996). The most interesting thing about this 
antenna is that the carotenoids are the light-harvesting 
chromophore. There is a ratio of six or eight 
carotenoids to two Chi a’s, and the Chls appear to 
function largely to transfer energy from the 
carotenoids to membrane-intrinsic antennas or 
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reaction centers (Chapter 1 1 , Macpherson and Hiller). 
It will be interesting to see if distant homologs 
eventually show up in sequence databases. 

X.The Big Picture: The Five Divisions of 
Photosynthetic Bacteria 

The high-resolution structures of PS I, PS II and the 
purple bacterial reaction center have established that 
all photosystems had a common ancestor (Section 
V A). If we accept the idea that bacterial genomes are 
mosaics that have been enriched by the incorporation 
of genes laterally acquired from other prokaryotes 
(Section III.4; Blankenship, 2001;), we can discuss 
the evolutionary history of antennas, reaction centers 
and pigment biosynthesis enzymes without being 
constrained by the (still unresolved) family tree of 
the five photosynthetic eubacterial divisions. 

The first whole-genome comparison of repre- 
sentatives of the five divisions of photosynthetic 
bacteria has shown conclusively that there has been 
extensive lateral gene transfer among them (Raymond 
et al., 2002). Even when maximum likelihood 
methods were applied to 188 proteins found in all 
five taxa, it was not possible to find a concensus tree. 
Every possible phylogenetic tree was represented by 
more than a few examples! 

Support for lateral gene transfer comes from 
ecological considerations as well as from genome 
comparisons. In nature, most prokaryotes are not 
found in pure culture, but rather in multi-species 
communities. Modern microbial mat communities 
can be made up of millimeter thick layers of 
Chloroflexaceae, cyanobacteria, purple bacteria and 
green sulfur bacteria in various combinations 
(Castenholz et al., 1992; Pierson, 1994; Castenholz 
and Pierson, 1995). Such mats are believed to have 
been very common in the Precambrian and to have 
given rise to sedimentary structures known as 
stromatolites, where many of the fossils of early 
prokaryotes have been found (Pierson, 1 994; Schopf, 
1994; Nisbet and Sleep, 2001). These would have 
provided suitable environments for lateral gene 
transfer among different types of prokaryote. 
Furthermore, the ancient microbial communities were 
not disturbed by the eukaryotic grazers and 
competitors that limit them today, so they could have 
harbored much more diverse populations of 
prokaryotes. 

There have been a number of thoughtful attempts 



to rationalize the evolution of reaction centers and 
antennas with the evolution of the five groups of 
photosynthetic bacteria (Pierson and Olson, 1989; 
Blankenship, 1992, 1994, 2001; Stackebrandtet al., 
1996; Nitschke et al., 1998; Gupta et al., 1999; 
Baymann et al. , 200 1 ; Olson, 200 1 ; Xiong and Bauer, 
2002). There are several open questions. Was the last 
common ancestor of all photosystems a stripped- 
down homodimeric version of a Q-type RC with no 
core antenna, or did it already have a built-in core 
antenna and FeS electron acceptors? How could the 
two types of photosystem have evolved from this 
common ancestor and ended up in such divergent 
groups of bacteria? (Note that these questions do not 
consider the steps in the origin of the common 
ancestor itself). Then there is the problem of 
explaining how cyanobacteria acquired both kinds 
of reaction center and evolved the ability to extract 
electrons from water. And as can be seen in Table 1 , 
there are different combinations of peripheral 
antennas and reaction centers to be explained. 

The earliest true cells were probably lithotrophs 
with a primitive electron transport chain that enabled 
them to obtain energy by oxidizing reduced inorganic 
compounds (e.g. sulfides) using other inorganics 
(e.g. nitrate) as electron acceptors (Castresana and 
Moreira, 1999; Nisbet and Sleep, 2001). The earliest 
photoautotrophs evolved in an anaerobic environment 
rich in available iron and sulfides (Canfield and 
Raiswell, 1999), which would have been conducive 
to developing one-electron transfers using FeS 
centers. They would already have a cytochrome bc- 
type complex (Nitschke et al., 1998; Schutz et al., 
2000). It is generally assumed that the ancestral RC 
was homodimeric, like those of the present-day 
Chlorobiaceae and Heliobacteriaceae (Table 1). 
Because present-day green sulfur bacteria live in 
environments that most closely resemble that of the 
early earth, and because they have only 16 core 
antenna BChl a as compared to 30 BChl g for 
Heliobacillus and 96 Chi a for cyanobacterial PS 1 
(Table 2, Chapter 1, Green and Anderson), I agree 
with Baymann et al. (2001) in favoring a chlorobial 
RC as closest to the ancestral RC (Fig. 11). 

Both the Chlorobiaceae and the heliobacteria are 
obligate anaerobes with homodimeric FeS-type RCs, 
but all the members of the former group are 
photoautotrophs whereas the heliobacteria belong to 
the Gram-positive Firmicutes, most of which are not 
photosynthetic. This suggests that the heliobacteria 
may have acquired their RCs by lateral transfer, from 
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Fig. 11. Model for the origin of reaction centers and antennas in the five divisions of photosynthetic bacteria, taking into account the 
possibility of lateral gene transfer (LGT). Dark cylinders, membrane helices of core antennas; light cylinders, the five RC helices. See 
text for discussion. 
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either the green sulfur or cyanobacteria (Madigan 
and Ormerod, 1995). Most of the known strains of 
heliobacteria are found in association with cyano- 
bacteria in rice paddies (Madigan and Ormerod, 

1 995). A number of heliobacterial and cyanobacterial 
proteins are close neighbors in phylogenetic trees, 
including a large cluster of ribosomal proteins, two 
elongation factors and an RNA polymerase subunit 
(Hansmann and Martin, 2000), subunits of the 
cytochrome be complex (Schiitz et al., 2000) and 
several BChl biosynthesis enzymes (Xiong et al., 
2000; Xiong and Bauer, 2002). In addition, 24% of 
the 1 88 trees in the five-genome analysis support the 
clustering of Synechocystis 6803 and Heliobacillus 
mobilis (Raymond et al., 2002). However, given that 
some rRNA trees also support this relationship 
(Woese, 1987), the possibility of vertical descent 
cannot be completely ruled out (dotted arrow in 
Fig. 11). 

According to the scheme presented in Fig. 11, 
PS II originated in the cyanobacterial line by 
duplication of the gene for the (still homodimeric) 
proto-PS I RC protein. Over time, the two 
photosystems diverged in sequence, proto-PS II lost 
its FeS center and developed the ability to exchange 
reduced quinones with the bilayer. At some point, the 
proto-PS II gene became split into a six-helix antenna 
part and a five-helix RC part. This fragmentation 
might have facilitated the loss of the FeS center, or 
the loss of the FeS center might have facilitated 
adaptation to separate RC and antenna. Either one 
might have helped to open up a pathway for the 
exchange of reduced quinones with the bilayer. 
Heterodimerization would have occurred later, 
because CP47 and CP43 are more similar in sequence 
to each other than to PsaA or PsaB. The origin of 
PS II from PS I is supported by some sequence 
similarities (Vermaas, 1994; Fromme et al. 1996; 
Schubert etal., 1998; Baymannetal. (2001), although 
the statistical support is not strong. The two most 
important innovations that followed were the joining 
of the two photosystems into a linear electron 
transport chain and the development of the ability to 
use water, one of the commonest molecules on earth, 
as an electron donor. As several authors have pointed 
out, this was probably arrived at through intermediate 
stages, using other electron donors such as Fe(II) and 
hydrogen peroxide (Blankenship and Hartman, 1 998; 
Dismukes et al., 2001). 

The splitting of the core antenna from RC in the 
proto-PS II would have made it possible for the RC 



gene to have been transferred either to an ancestor of 
the Chloroflexaceae or to a proteobacterium (Fig. II). 
Both the purple proteobacteria and the Chloro- 
flexaceae are facultative photosynthesizers, i.e. they 
do not have an absolute requirement for light. Their 
RC proteins and their LHl antenna proteins are 
relate4 and it is generally accepted that one group 
acquired these genes from the other by LOT 
(Blankenship, 1992). The LHl antenna evolved in 
whichever line first acquired the photosystem. 
Heterodimerization of RC and LHl would have 
allowed for further structural adaptations, and LH2 
would have originated by gene duplication in the 
purple bacteria. 

Another likely example of lateral transfer concerns 
the chlorosomes, which are found in both Chloro- 
biaceae and Chloroflexaceae. The chlorosome genes 
could have been acquired laterally by one group 
from the other. If BChl synthesis genes were 
transferred at the same time and replaced the original 
BChl genes (Eisen et al., 2002), it could explain why 
the two (otherwise very unrelated) kinds of ‘green 
bacteria’ appear as sister groups on trees of BChl 
synthesis enzymes (Xiong et al., 2000). 

Figure 1 1 is very similar to the model proposed by 
Baymann et al. (2001) and is similar to an earlier 
model of Vermaas (1994) in proposing that Q-type 
RCs originated from FeS-type RCs by gene 
duplication. The model of Olson and Pierson (Pierson 
and Olson, 1989), updated by Olson (2001) posits 
that a very early ancestral prokaryote evolved both 
types of reaction center, and that subsequent 
diversification led to the loss of one type of RC or the 
other in every lineage except the cyanobacteria. 
Some earlier models proposed the reverse: that the 
cyanobacteria resulted from a fusion of two bacteria 
with different reaction center types (Blankenship, 
1992, 1994; Xiong et al., 1998). The most recent 
version of that model attempts to include the Chi/ 
BChl biosynthesis pathways in a rather complex 
scheme with an ancestral purple bacterial RC giving 
rise to heliobacterial and green sulfur bacterial lines 
with the acquisition of a six helix antenna, and 
subsequent fusion of the former with another 
descendant of the purple bacterial RC (Xiong and 
Bauer, 2002). All the models are reviewed by Olson 
( 2001 ). 

Regardless of how the five divisions of photo- 
synthetic bacteria acquired their abilities, the 
ecologically determining event was the development 
of oxygen evolution in the cyanobacteria. The 
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resulting rise of O 2 levels in the mid-Proterozoie, 
with subsequent depletion of Fe(II), would have 
favored photosystems that were not based on FeS 
eenters, i.e. it would have led to a competitive 
advantage for the cyanobacteria over the anaerobic 
green sulfur bacteria and heliobacteria. It is generally 
agreed that micro-organisms have played and still 
play a dominant role in determining the composition 
of the earth’s atmosphere (Nisbet and Sleep, 2001; 
Kasting and Seifert, 2002). Without the cyanobacteria, 
there might never have been enough oxygen to support 
the evolution of multicellular life. And without the 
efficient harnessing of the sun’s energy by the light- 
harvesting antennas, there would be little photo- 
synthesis of any sort. Antennas can truly be considered 
among the most important molecules on earth! 
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Summary 

Antenna proteins from purple photosynthetic bacteria are by far the best-understood photosynthetic light- 
harvesting proteins, and among the best-characterized membrane proteins in any biological field. The 
photosynthetic membrane of purple bacteria is an exceptional case of a membrane for which structural 
information is available on the partner proteins involved in a biological process. The bacterial light-harvesting 
system constitutes an ideal source of experimental results for confronting theories to explain the functioning of 
these biological molecules in elementary physical and chemical terms, and for exploring light capture and 
transfer mechanisms at the level of the whole membrane. This chapter reviews the different aspects of our 
current knowledge on light-harvesting proteins from purple bacteria. A special emphasis is given to the 
biochemical properties of these complexes, their natural diversity, and the details of the known structures. The 
most recent results on the physical mechanisms that underlie their electronic properties, and on the cascade of 
the ultrafast excitation transfers that follow the absorption of the solar light are summarized. These are 
discussed in the light of the different models and calculations that have been performed from the crystal 
structure. 



I. Introduction 

Light-Harvesting (LH) proteins from purple bacteria 
are probably the best-characterized photosynthetic 
antenna proteins with regard to structure and function 
and also from a spectroscopic point of view. Actually 
these proteins are among the best-characterized 
membrane proteins in any biological field, because 
they possess a combination of properties that make 
them particularly attractive for both biochemical and 
biophysical studies. Firstly, the light-harvesting 
system from most purple bacteria is comprised of 
only one or two different membrane protein-pigment 
complexes. Each of these complexes exhibits 
characteristic absorption properties, and they are 
naturally over-expressed in the photosynthetic 
membranes. In bacterial species that synthesize only 
one type of antenna complex, the absorption of the 
whole photosynthetic membrane therefore arises 
mainly from these pigment-protein complexes. 
Spectroscopic characterization of these proteins thus 
was started even before the first protocols to purify 
them were developed (Thornber, 1970; Clayton and 
Clayton, 1972). Secondly, the bacteriochlorophyll 
(BChl) molecules bound to these proteins exhibit 
absorption properties in the near infrared that are 
very different from those of isolated BChl, and which 



Abbreviations: BChl - bacteriochlorophyll; CD - circular 
dichroism; Crt- carotenoid; FWHM - full width at half-maximum 
height; Gpa - gigapascal; LH - light-harvesting; LHl - core 
light-harvesting complex; LH2 - peripheral light-harvesting 
complex; NIR -- near infrared; P - primary eleetron donor; Rb. - 
Rhodobacter; RC - reaction center; Rps. - Rhodopseudomonas\ 
Rsp. - Rhodospirillum 



depend critically on the type of antenna protein they 
are bound to. Denaturation of these proteins thus 
results in a dramatic change in their near infrared 
absorption spectra. This means that the quality of a 
preparation may be readily analyzed simply by 
recording its absorption spectrum. Because of this, 
biochemical characterization of these proteins was 
performed in early days of membrane protein 
biochemistry (for a review see Zuber and Cogdell, 

1 995), opening the way for a wide range of biophysical 
studies. 

In the photosynthetic purple bacteria, the light- 
harvesting system generally contains a core antenna, 
also called LHl, which transfers excitation energy 
directly to the reaction centers. In BChl a-synthesizing 
bacteria, LHl complexes typically absorb at 870- 
880 nm. Their absorption peak is shifted to about 
1000 nm in BChl ^^-synthesizing species. Many 
bacterial species also contain peripheral antenna 
complexes, LH2, which transfer excitation energy to 
the reaction centers via LH 1 . LH2 complexes usually 
exhibit two major absorption transitions in the near 
infrared, at 800 and 850 nm in BChl a-containing 
bacteria. The near infrared absorption transitions of 
both LHl and LH2 are thus considerably red-shifted 
relative to the absorption of isolated, monomeric 
BChl a {110 nm in most organic solvents). In LH 
complexes, BChl molecules responsible for a given 
Qy absorption transition are usually referred to as B 
followed by the position of this transition, e.g. B800 
orB850 (Fig. 1). 

Both LH 1 and LH2 are oligomers of an elementary 
unit, composed of a pair of small (5-7 kDa), very 
hydrophobic apoproteins, called a and /3, each of 
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which contains a single transmembrane helix as the 
major structural element (Zuber and Brunisholz, 
1991). The successful crystallization of reaction 
centers from Rhodopseudomonas (Rps.) viridis 
(Deisenhofer et ah, 1984) triggered attempts to 
crystallize both LHl and LH2 from a wide range of 
bacterial species which, after more than ten years of 
struggle, resulted in the determination of the 3D~ 
structure of LH2 from Rps. acidophila (McDermott 
et al, 1995) (Fig. 1) and later from Rhodospirillum 
(Rsp.) molischianum (Koepke et al., 1 996). Although 
a high-resolution structure of LHl has not yet been 
obtained, a projection map at low resolution of this 
protein has been determined (Karrasch et al., 1995). 
Since LHl and LH2 apoproteins are homologous, 
and these complexes are assembled on very similar 
principles, it was possible to build reasonable 
structural models of LHl from this projection map 
with the help of the LH2 structure, (Papiz et al., 
1996; Hu and Schulten, 1998). The membrane of 
purple photosynthetic bacteria is thus a unique 
example of a photosynthetic membrane for which 
the structures of the different partner proteins involved 
in the early steps of the photosynthetic process are 
known, and it provides an ideal source of experimental 
results for an attempt to explain the functioning of 
these biological molecules in elementary physical 
and chemical terms (Sundstrom et al, 1999). 

II. Components of the Light-Harvesting 
System of Purple Bacteria 

A. Core Antennas 

Photosynthetic purple bacteria generally contain core 
antenna complexes, or LHl, in stoichiometric 
amounts with respect to the reaction centers (Sistrom, 
1978). In some bacteria, such asRsp. rubrum or Rps. 
viridis these proteins are the only antenna complex 
present. They are most often constituted from a 
single pair of a(3 subunits. The polypeptides are 
encoded by the first two open reading frames from 
the puf operon (pufA and pufB), which also encodes 
the L and M subunits of the bacterial reaction center 
(Youvan et al., 1984; Naylor et al., 1999; see also 
chapter 16, Beatty and Young). In a few cases, 
evidence was obtained for the existence of more than 
one a and/or (3 polypeptide type, for instance in 
Chromatium vinosum (Zuber and Brunisholz, 1991) 
and possibly in the BChl /^-synthesizing bacterium 




Fig. 1. Electronic absorption spectra (Q^ and Qy transitions). A. 
LHl fromi^.s'p. rubrum, strain G 9 ; B. LH2 (B800-850) fromi?/?^’. 
acidophila, strain 10050; C. LH3 (B800-820) from Rps. 
acidophila, strain 10050. 

Ectothiorhodospira halochloris, although the antenna 
system of the latter is not yet fully characterized (see 
below). An additional polypeptide, y, was found 
associated with LHl from Rps. viridis, but its role is 
still unclear (Brunisholz et al., 1985). Each of the 
LHl polypeptides binds a single BChl {a or b) 
molecule, through conserved His residues located in 
the transmembrane segment of the a and j3 
polypeptides. These LHl proteins generally exhibit 
a single absorption transition in the near infrared, 
which usually is located between 875 and 890 nm 
(Fig 1). However, an 865-nm absorbing LHl has 
been reported in Roseococcus thiosulfatophilus, a 
marine, aerobic species (Gall et al., 1 999), and a 920- 
nm absorbing LHl has been isolated from the 
thermophilic Chromatium tepidum species (Garcia 
et al., 1986; Fathir et al., 1998). BChl /^-containing 
LHl such as those found in Rps. viridis absorb at ca 
1000 nm. Wild-type LHl proteins contain one 
molecule of carotenoid per a/3 pair (Cogdell et al., 
1982; Arellano et al., 1998). Unlike LH2 complexes, 
LHl is generally stable in the absence of colored 
carotenoids (although their absence often induces 5- 
10 nm blueshifts of the NIR absorption transition). 
When LHl is dissociated into small subunits by 
octyl-glucoside treatment, the carotenoid molecule 
is lost (Jirsakova and Reiss-Husson, 1993; Loach 
and Parkes-Loach, 1995). This suggests that it lies, 
as in LH2, at the interface between a/3 pairs. Upon 
removal of octyl-glucoside, LHl subparticles 
obtained from carotenoid-containing proteins usually 
reassociate without their bound carotenoid and exhibit 




172 



Bruno Robert, Richard J. Cogdeli and Rienk van Grondelle 



LHl^r MWR IWQLFDPRQALVGLATFLFVLALL ( HF ( LLSTERFNWLEGASTKPVQTS 

LHt-Rs MSKFYK IWMI FDPRRVFVAQGVFLFLLAVMI HF I LLSTPSYNWLE I SAAKYNRVAVAE 

LF12-RS MTNGK IWLVVKPTVGVPLFLSAAF lASVVIHAAVLTTTTWLPAYVQGSAAVAAE 

LH2-fla MNQGKIWTVVNPSVGLPLLLGSVTV IAI LVHAAVLSHTTWF P A Y WQGG L KK A A 

LH3-Ra MIMQGK IWTYVPPAFGLPLMLGAVA I TALLVHAAVLTHTTWYAAFLQGGVKKAA 
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LHt-Rr EVKQESLSG1 TEGEAKEFHK I FTSS I LVFFGVAAFAHLLVWIWRPWVPGPNGYS 
LHl-Rs ADKSPLGYTGLTDEQAQELHSVYMSGLWPFSAVA I VAHLAVT IWRPWF 
LH2-Rs TDDLNKVWPSGLTVAEAEEVHKQL I LGTRVFGGMAL I AHFLAAAATPWLG 
LH£‘Ra ADOVKGLTGLTAAESEFLHKHYIDGTRVFFV I Al FAHVLAEAFSPWLH 
LH3-Ra AEVLTSEOAEELHKHV I DGTRVFLV I AA I AHF LAFTLTPWLFI 



Fig. 2. Primary amino acid structures of the a (top) and /3 (bottom) antenna polypeptides of LH 1 , LH2 (B800-850) and LH3 (B800-820). 
Sequences were aligned relative to the conserved membrane His residues. In bold: amino acids involved in interactions with the bound 
BChl molecules (see text). Rr, Rsp. rubrum; Rs, Rb. sphaeroides; Ra, Rps. acidophila Ac7050. 



absorption properties similar to those of the intact, 
untreated, LHl complex (Loach and Parkes-Loach, 
1 995). In the case of Rubrivivax gelatinosus however, 
reassociation of LHl requires the presence of 
hydroxyspheroidene, the carotenoid naturally 
synthesized by the bacterium (Jirsakova and Reiss- 
Husson, 1994). 

Electron diffraction studies on 2-D-crystals of 
LHl proteins from Rsp. rubrum gave rise to a low- 
resolution projection map of these complexes in the 
membrane plane (Karrasch et al., 1995). This 
projection map was published before the structure of 
LH2 was available, and it demonstrated that LHl is 
composed of a circular association of af3 subunits. 
Sixteen subunits are required to produce a 
complete closed circle (Karrasch et al., 1995). The 
central hole of these rings is large enough to contain 
the reaction center, and 2-D crystals of LHl-RC 
complexes clearly show that it does (Meckenstock et 
al., 1992a,b; Walz and Ghosh, 1997; Walz et al., 
1998). Whether these closed, 16-membered rings 
truly exist in vivo is still matter of debate. It has 
become clear that in Rb. sphaeroides and Rb. 
capsulatus the small protein pufX also plays an 
important role in the structure and organization of 
the LHl-RC core. PufX is a short polypeptide (nearly 
the size of one antenna polypeptide) with a single 
membrane-spanning domain (Youvan et al., 1 984). It 
is required for photosynthetic growth (Lilburn et al., 
1992; Barz and Oesterhelt, 1994), and its proposed 
role is to form a pore in the LHl ring, thus allowing 
quinones to move between the RC and the cytochrome 
bc^ complex (Barz and Oesterhelt, 1994; McGlynn 



etal., 1994;Barzetal, 1995;Cogdell etal., 1996). In 
an LH2-lacking, pufX-containing mutant from Rb. 
capsulatus, LH 1 complexes were observed as open 
rings of approximately 12 a/5 subunits (3/4 of a turn) 
connected to form dimers via the holes left by the 
missing 4 a(3 subunits. These ‘combined’ LHl 
surrounded two connected reaction centers (Jungas 
et al., 1999). However, the resolution of these 
projection maps was low enough to leave open the 
possibility of other interpretations. In a pufX“ mutant 
of Rb. sphaeroides, a remarkable change of the linear 
dichroism spectrum of the membrane was observed. 
This change implies that all the RC proteins were 
aligned in the membrane plane, with the transition 
dipole of the primary electron donor almost 
perpendicular to the long axis of the photosynthetic 
membrane, which has a tubular shape (Frese et al., 
2000). This preferential orientation of the RC was 
lost in the absence of pufX, concomitant with loss of 
the dimeric structure (Francia et al., 1999; Frese et 
al., 2000). How pufX induces this remarkable long- 
range ordering these proteins is still unknown. 

Up to now, attempts to crystallize LHl proteins 
have failed to produce crystals that diffract to the 
resolution required to produce useful 3-D structures. 
Thus little is known about the details of the LHl 
structure. However, experiments combining site- 
selected mutagenesis and vibrational spectroscopy 
have shown that each BChl in these proteins interacts 
with a tryptophan residue through its acetyl carbonyl 
(Olsen et al., 1997; Sturgis et al., 1997), as in LH2 
from Rsp. molischianum (Koepke et al., 1996, see 
below). Similar experiments have shown that, in 
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addition, these BChl molecules are involved in 
intermolecular interactions through their keto 
carbonyl groups. This group forms an H-bond with 
the protonated nitrogen atom of the imidazole 
sidechain whose non-protonated nitrogen serves as 
the ligand of the other BChl molecule in the same ap 
subunit (Olsen et ah, 1997). According to this 
‘interlocking’ model, all of the BChl interactions 
with the surrounding a and /3 apoproteins occur 
within the same subunit, as in the LH2 complex 
from Rsp. molischianum. Another important con- 
clusion from vibrational spectroscopy was that the 
structure of the BChl binding sites in these LHl 
proteins is strongly conserved among most BChl a- 
containing bacterial species (Robert and Lutz, 1985). 

B. Peripheral Antennas 

In addition to their core antenna, a number of bacterial 
species, including Rb. sphaeroides, Rb. capsulatus, 
mdRps. acidophila, also contain peripheral antenna, 
or LH2 complexes. The LH2 polypeptides are 
encoded by the puc operon (Youvan and Ismail, 
1985), and their expression depends on the bacterial 
growth conditions (light intensity, temperature, and 
oxygen pressure) (Sistrom, 1978). Typical LH2 
proteins, such as those which have been crystallized 
from Rps. acidophila, exhibit two electronic 
transitions in the near infrared, at 850 and 800 nm 
(Fig. IB). These transitions arise from a ring of 
strongly-coupled BChls within the membrane phase 
and from ‘monomer’ BChls located closer to the 
membrane/cytosol interface, respectively (see below). 
The B850 molecules are bound to the a and /3 
polypeptides through a conserved His, homologous 
to those that bind the B875 molecules in LHl com- 
plexes. These complexes consist of a ring of eight or 
nine afS subunits, smaller than the LHl ring 
(McDermott et al, 1995). In some bacteria, such as 
Erythromicrobium ramosum and Chromatium 
purpuratum, the main LH2 proteins absorb at shorter 
wavelengths, at 832 and 830 nm, respectively (Cogdell 
et al., 1990; Gall et al., 1999). LH2 proteins have not 
been yet found in BChl Z)-containing bacteria. 
However, Ectothiorhodospira halochloris exhibits, 
in the membrane, two transitions in the near infrared 
at 1020 and 800 nm, which could arise from LH2- 
type proteins (Steiner and Scheer, 1985). These 
proteins have not yet been fully characterized, and it 
remains possible that these bacteria possess a new 
light-harvesting system and no LH2. 



In a number of bacterial strains (e.g. Rb. 
sphaeroides and Rb. capsulatus) LH2 proteins are 
built from a single type of a and p apoproteins 
(Zuber and Brunisholz, 1991). However, other purple 
bacteria frequently possess more than one single 
copy of the pucA and pucB genes (up to six in Rps. 
palustris (Tadros, 1990; Tadros et al., 1993), and 
possibly even more in some Rps. acidophila strains 
(Brunisholz et al., 1987; Gardiner et al, 1992)). In 
some cases, only one a/3 pair is expressed, the other 
genes remaining apparently silent (as in Rsp. 
molischianum (Germeroth et al., 1996; Sauer et al., 
1996b)). In other cases {Chromatium vinosum, Rps. 
palustris, and Rps. acidophila), the peripheral light- 
harvesting system is composed of a mixture of 
different a and p polypeptides. The exact role of 
these variant polypeptides is not yet fully understood. 
In some bacteria, such as Rps. acidophila, they are 
synthesized in low-light growth conditions, and they 
assemble independently to form LH2 rings with a 
red-most absorption transition at 820 nm instead of 
850 nm (Brunisholz et al., 1987) (Fig. 1C). They 
contain natural variations at residues and 
(Brunisholz et al., 1987). These residues (Tyr and 
Trp, respectively) are involved in H-bond interactions 
with the 850-nm absorbing BChl molecules (Fowler 
et al, 1994). It was shown that the replacement of 
these amino acids by leucine and phenylalanine is 
directly responsible for the changes in the absorption 
spectrum (Fowler et al., 1992). However, in other 
bacteria, such as Rps. palustris and Chromatium 
vinosum, some ap pairs share very high sequence 
similarity (Bissigetal., 1990; Tadros etal., 1993). In 
Rps. palustris, it was concluded recently that the 
unusual absorption properties of the LH2 complexes 
synthesized under low-light conditions could reflect 
rings containing mixtures of polypeptides (Gall and 
Robert, 1999). Structural studies, involving either 
X-ray crystallography or electron diffraction on 2-D 
crystals, have been performed on LH2 from 
Rhodovulum sulfidophilus (Savage et al., 1996) and 
on 820-nm absorbing LH2 from Rps. acidophila 
(McLuskey et al., 1999, 2001). In both these cases, 
the organization of the LH2, and in particular the 
structure and stoichiometry of the aP ring, is very 
similar to that of the LH2 from Rps. acidophila. 

In the LH2 structure of Rps. acidophila, one 
carotenoid molecule is visible (Cogdell et al., 1999). 
Carotenoids are an important component of the LH2 
proteins, and seem necessary for their assembly. 
Mutant bacteria deficient in carotenoid synthesis are 
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P~ polypeptides 



B 800 -^ 



rhodopin glucoside 



periplasmic surface 



cytoplasmic surface 



Fig. 3. Front view (in the plane of the membrane) and side view of the structure of LH2 proteins from Rhodopseudomonas acidophila, 
strain 10050, showing both nine-membered rings of a and (3 polypeptides. In the color version (Color Plate 2) the a and p polypeptides 
are shown in orange and green, respectively, the 850-nm absorbing BChl molecules in magenta, the 800-nm absorbing BChls in cyan 
and rhodopin glucoside in dark blue. See Color Plate 2. 



generally unable to synthesize normal LH2 proteins, 
and a correlation was even found between the 
expression level of the crti gene and that of LH2 
proteins (Lang and Hunter, 1994). The structural 
role of the carotenoid molecule can be easily 
understood by considering that the carotenoid is 
located parallel to the a and (3 polypeptides (Fig. 3) 
and mediates some of the hydrophobic interactions 
between these polypeptides (Cogdell et al., 1999). 
Recently, however, it was reported that the purple 
sulfur bacterium Chromatium minutissimum is able 
to fully assemble carotenoid-less LH2 protein in the 
presence of large amounts of carotenoid synthesis 
inhibitors (A. Moskalenko, unpublished). This finding 
may reflect the fact that LH2 proteins in sulfur, 
photosynthetic bacteria, possess a slightly different 
organization, which allows them to be assembled in 
the absence of colored carotenoids. There is still a 
discussion about the precise stoichiometry of 
carotenoid molecules in LH2. Although a large 
number of biochemical and spectroscopic data have 
indicated that there should be two functionally 
different carotenoid molecules per a/3 subunit 
(Kramer et al., 1984), only one has been observed in 
the structures from Rps. acidophila (Cogdell et al., 
1999) mdRsp. molischianum (Koepke et al., 1996). 



Moreover, a recent pigment analysis showed 
convincingly that in detergent-purified LH2 from 
Rb. sphaeroides andRp^*. acidophila the actual BChl: 
carotenoid stoichiometry is 3:1 (Arellano etal., 1998). 
However, additional experiments (and/or structures) 
are clearly required to demonstrate whether this 
stoichiometry holds for all LH2 antenna complexes, 
or whether it depends on growth and/or purification 
conditions. 

C. The 3-Dimensional Structure of LH2 from 
Rps. acidophila and Rsp. molischianum 

Figure 3 shows the 2.5 -A crystal structure of LH2 
from Rps. acidophila (Isaacs et al., 1995; Prince et 
al., 1997). It consists of a nonameric circular 
association of ajS heterodimers. This association 
produces, in the membrane plane, two concentric 
rings of helical a- (inside ring) and /3- (outside ring) 
polypeptides. Each polypeptide binds one BChl 
molecule non-covalently through the imidazole 
sidechain of a conserved His residue (Zuber and 
Brunisholz, 1991). These BChl molecules are 
sandwiched between the two polypeptide rings and 
form a ring of nine dimers of BChls. This ring of 1 8 
BChl molecules gives rise to the red-most absorption 




Chapter 5 The Light Harvesting System of Purple Bacteria 



175 





Fig. 4 . Side views (across the plane of the membrane) of the dimers from A. Rhodopseudomonas acidophila and B. Rhodospirillum 

molischianum. The carotenoid molecule and the hydrophobic tails of the BChl molecules are omitted from the Rps. acidophila structure 
for clarity. BChl molecules are shown in dark gray, amino acid sidechains involved in H-bonding the 850 -nm absorbing BChl in light- 
gray. H-bonds are indicated as gray dotted lines. Note that the a polypeptide in Rps. acidophila extends towards the adjacent a jS dimer, 
so that Tyr does not interact with the BChl a molecules bound to the represented dimer, but with one bound to the adjacent dimer. By 
contrast, in the LHl -related Rsp. molischianum structure, both the BChl molecules bound to a dimer interact with amino acids belonging 
to this dimer, namely Trp ^45 and ^844. 



transition at 850 nm (van Grondelle et al., 1994). 
Each of these 18 BChls forms an H-bond via its 
acetyl carbonyl group with a neighboring amino acid 
residue (Tyr or Trp confirming a prediction 
from earlier spectroscopic studies (Fowler et ah, 
1994; Sturgis et ah, 1995b). Note that the BChl 
bound to the (3 subunit interacts with Tyr ^44 of the 
neighboring a subunit (Fig. 4). These proteins thus 
have an H-bond network that is complete only when 
the ring is fully assembled. Each a/3 subunit binds 
one additional BChl molecule near the interface 
between the membrane and the cytosol, through the 
oxygen atom of the formylated N-terminal of the a 
polypeptide. This binding site is very polar and is 
mainly composed of aminoacids from the j3 
polypeptide. The BChl molecules bound to these 
sites form a ring of nine ‘monomer’ BChls spaced by 
about 21 A with their macrocycles nearly in the 
membrane plane. They give rise to the 800-nm 
absorption band of these proteins. Again, the acetyl 
carbonyl group of each of these BChls forms an H- 
bond with the neighboring Arg ^ 21 - 
The crystal structure of the Rps. acidophila LH2 
contains one carotenoid per unit, a rhodopin 



glucoside with its main axis oriented nearly 
perpendicular to the membrane plane (Fig. 3). One 
of its ends reaches the cytosolic face of the membrane, 
while the other forms van der Waals contacts with 
the a-bound BChl of the adjacent a/3 subunit. In 
between, the carotenoid also forms van der Waals 
contacts with the 800-nm absorbing BChl molecule. 
Most of the contacts between the a and /3 polypeptides 
are mediated either through this carotenoid molecule 
(between adjacent subunits) or through the phytyl 
tails of the 850-nm absorbing molecules, which lie 
parallel to these polypeptides, and run from the BChl 
macrocycle to the periplasmic side. 

If the LH2 from Rps. acidophila can be considered 
as a ‘typical’ peripheral antenna protein of purple 
bacteria, the LH2 from Rsp. molischianum is, by 
contrast, a very unusual complex. Sequence 
comparisons show that its a and (3 polypeptides are 
more related to those of the LHl complexes 
(Germeroth et al., 1993). Using resonance Raman 
spectroscopy, it could further be concluded that the 
binding sites of the red-most absorbing BChls in 
these complexes were very similar to those of LHl 
(Germeroth et al., 1993). Its crystal structure was 
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therefore of particular interest, as it could give 
information about the structure of the LH 1 , for which 
no highly diffracting crystals have yet been reported. 
The overall structure of the LH2 protein from Rsp. 
molischianum is similar to that of LH2 of Rps. 
acidophila, except that it is an octameric ring of a 
and (3 apoproteins, which therefore binds only 24 
BChls (instead of 27 in the case of Rps. acidophila) 
(Koepke et ah, 1996). Apart from that difference in 
the number of apoproteins forming the ring, the 
major difference is in the binding site of the 800-nm 
absorbing BChl (B800). In Rsp. molischianum LH2, 
the plane of these B800 molecules is rotated by 90 
degrees compared with the LH2 from Rps. acidophila, 
and is tilted away from the membrane plane (Fig. 
3B). The detailed protein-BChl interactions also are 
different in this complex. It is important to note that 
the B850 BChl molecules are H-bonded by tryptophan 
residues, one belonging to the a and the other to the 
/3 polypeptide, as inLHl proteins (Olsen etal., 1994; 
Sturgis et al., 1997). Each af3 subunit thus forms, in 
terms of H-bonds to BChl, an independent unit (Fig. 
4B). 



III. Structure-Function Relationships in 
Bacterial Antennas 

A. The Origin of the Qy Absorption Transition 

The Qy electronic transitions of LH2 and LH 1 proteins 
are dramatically red-shifted relative to those of 
monomeric BChl in organic solvents. Understanding 
the mechanisms of this red-shift is particularly 
important, as in purple bacteria, in contrast with 
oxygen-evolving organisms, the funneling of the 
excitons towards the RC is strongly driven by the 
gradient in the energy of the electronic transitions of 
the different light-harvesting complexes. As discussed 
above, antennas from purple bacteria generally 
contain a large number of BChl cofactors, and those 
present in the intra-membrane part of these proteins 
are in close contact with each other, forming large 
arrays of 16, 18 or 32 interacting molecules. How 
precisely the arrangement of the pigments in the 
complexes determines the observed Qy electronic 
transition is what we wish to understand. 

Depending on the strength of the pigment-pigment 
interactions, the Qy transition could simply be the 
sum of the electronic transitions of all the pigments 
(if there are no, or only weak interactions), or in the 



other extreme (i.e. with strong interactions), it could 
arise from one giant electronic transition that is a 
collective property of the whole set of BChl molecules 
(Chapter 2, Scheer). In reality, the situation is even 
more complex, since the electronic properties of a 
set of identical, interacting, molecules depend not 
only on the strength of the intermolecular interactions, 
but also on variations in the properties of the 
individual molecules. In an assembly of chemically 
identical molecules, differences in the local physico- 
chemical properties can arise either from slight 
differences in their conformations and/or the confor- 
mation of the immediate surroundings, or from 
dynamic fluctuations of the system. Because of these 
two effects, usually referred to as static and dynamic 
disorder, chemically identical molecules must be 
considered as different, and despite their interactions, 
each molecule will tend to retain its individual 
physico-chemical properties. In the extreme case of 
strongly interacting molecules in the absence of 
disorder, the set of interacting molecules will behave 
as one supermolecule, and the excited state can be 
described by exciton theory, where the excitation is 
coherently delocalized over the whole set of 
interacting molecules. If the interactions are weaker, 
and the disorder larger, the excited state will become 
localized on one or a subset of molecules, and will 
hop incoherently from one of these subsets to another. 
These limiting cases thus involve physically different 
origins of the electronic transition(s) of the complex, 
and they can result in different spectroscopic 
properties. 

The evolution of the system with time also depends 
on the extent of delocalization of the excitation. If 
the excited states are delocalized over the whole set 
of interacting molecules, with the new energy levels 
given by the diagonalization of the interaction 
Hamiltonian, the time evolution of the excited state 
occurs via relaxations between these energy levels, 
generally through energy exchange with vibrations 
of the system. This is called phonon-induced 
relaxation between exciton levels. If the excitation is 
(even partially) localized, the time evolution will be 
described by a similar initial relaxation, followed by 
incoherent hopping of the excitation. When the 
excitation is fully localized, the energy transfer is 
described by Fdrster theory (or adapted versions of 
it, see below). Also, during the hopping process the 
system permanently exchanges phonon/vibration 
energy with its surroundings, and, in that sense, the 
two relaxation processes are similar. The true situation 
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may be somewhere in between these two limiting 
cases, and the important factor deciding which of 
these processes actually occurs is the ratio of the 
coupling between electronic transitions (F) and the 
disorder (A). Determining which of these cases 
applies to the transitions of the LHl and LH2 
proteins is thus essential in order to understand their 
properties fully, and is closely related to the question 
of the extent to which the spectrum reflects BChl/ 
BChl electronic or pigment/protein interactions 
(Chapter 3, Parson). 

Most calculations have concerned LH2 rings, the 
three-dimensional structure of which is known. As 
well documented by a number of authors (McDermott 
et al, 1995; Sauer et al., 1996a), using an exciton 
model for LH2 can lead to the prediction of the 
correct position for the of these proteins. However, 

such a prediction alone does not validate the pure 
exciton model (Monshouwer and van Grondelle, 
1996; Sturgis and Robert, 1996). Firstly, it is now 
known that both the 820- and 850-nm absorbing 
LH2 of Rps. acidophila exhibit very similar structures 
(McLuskey et al., 2001). If an exciton calculation is 
performed for both these proteins, variations of site 
energies have to be taken into account so that the 
calculation does not lead to exactly same prediction 
for their Qy transitions. Secondly, the pure exciton 
model predicts that the lowest excitonic level has 
close to zero dipole strength, and as a consequence, 
would not be fluorescent at very low temperature. 
This is certainly not the case, as shown for LH2s 
from both Rb. sphaeroides and Rps. capsulatus. In 
fact, both LH2 complexes fluoresce with a rate two- 
three times faster than monomeric BChl in solvent 
(Monshouwer et al., 1997). 

To overcome these problems, it is necessary to 
introduce disorder in the LH2 system, i.e. to introduce 
into the calculation the fact that all the BChl may not, 
at a given instant, have exactly the same optical 
properties. In order to fully explain the behavior of 
the LH2 fluorescence as a function of temperature, it 
had to be assumed that the disorder was about two 
times larger than the pigment-pigment coupling 
strength (van Grondelle et al., 1997). Such a high 
value implies that, in LH2 rings, the disorder is high 
enough to destroy the delocalization of the exciton 
over the whole set of molecules, or, more simply, that 
the properties of the pigments in each ring are 
sufficiently different so that they cannot be considered 
as an assembly of identical molecules. Analysis of 
the results of a variety of spectroscopic methods led 



to the conclusion that an excitation in the 850-nm 
ring of the LH2 is coherent over a few (2-4) BChl 
molecules (Pullerits et al., 1995; Monshouwer et al., 
1997; Kennis et al., 1997a; Kuhn and Sundstrom, 
1997). 

Thus, the 850 ring of the LH2 likely behaves as a 
system in which the different pigments are strongly 
coupled, but where the disorder is large enough to 
prevent the complete collective behavior of these 
coupled pigments. Most recent calculations attempt- 
ing to predict the CD signal of LH2 also reflect this 
dual character of these rings. LH2 proteins generally 
exhibit strong, conservative CD signals in the 850- 
nm region (positive rotational strength on the blue 
side, negative on the red side (Cogdell and Scheer, 
1985)), which have been attributed to strong BChl- 
BChl excitonic interactions. Surprisingly, the zero 
crossing of this signal does not coincide with the 
absorption maximum but is at about 6-7 nm longer 
wavelength (Sauer et al., 1996a; Koolhaas et al., 
1997, 2000). Furthermore, in a mutant of Rb. 
sphaeroides lacking the B800 BChl molecule, a 
broad, weak, negative CD-band around 780 nm 
(Koolhaas et al., 1998) was observed, which was 
ascribed to the upper exciton band of the B850 ring. 
Although a large disorder is introduced in these 
calculations (which should, as discussed above, result 
in localization of the excitation), to predict the CD 
signal correctly, with its red-shifted zero-crossing, 
requires the full ring (Koolhaas et al., 1997). The 
reason for this is that the contribution to the CD 
signal of LH2 resulting from the nearest neighbor 
interactions is very small, as they have almost parallel 
transition dipoles. The maximum contribution 
originates from interactions between dipoles 
separated by about a quarter of the ring. In short, the 
CD ‘remembers’ the excitonic properties of the ring, 
in spite of the disorder which effectively localizes the 
excitation on a few BChl molecules (Somsen et al., 
1996b). From these calculations, the magnitude of 
the nearest neighbor dipole-dipole coupling matrix 
elements were calculated to be 300 and 230 cm“* for 
intra- and inter-dimer nearest neighbors, respectively 
(Koolhaas et al., 1998). 

In contrast, LHl proteins, in which similar or 
stronger BChl-BChl interactions would be expected, 
exhibit a more complex, weaker, non-conservative 
signal in the 875 nm region, which may vary from 
complex to complex. Moreover, biochemical 
reconstitutions of LHl proteins after dissociation 
have shown that, depending on the reconstitution 
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procedure, proteins exhibiting similar absorption 
maxima can exhibit totally different CD signals in 
their region (Parkes-Loach et ah, 1988; Lapouge 
et al., 2000). One probable reason is that the transition 
dipoles in LH 1 are oriented even more in the plane of 
the ring than in LH2. As a consequence, all 
contributions to the CD cancel and the signal becomes 
sensitive to small variations in the orientation and 
position of the transition dipoles. Thus, for LHl, 
there is no straightforward relationship between the 
CD signal and the absorption maximum, and 
extracting the coupling factors from the CD spectra 
is extremely complicated and so far not solved. 

B. Molecular Origin of the Qy Redshift: 
Experimental Evidence 

As mentioned above, 850-nm and 820-nm absorbing 
LH2 from Rps. acidophila exhibit very similar 
molecular structures. Although they certainly play 
an important role, BChl-BChl interactions alone 
may thus not entirely explain the electronic properties 
of LH proteins from purple bacteria. To explain these 
spectral differences, it is necessary to address other 
factors that contribute to tuning the absorption of 
these proteins. In the last decade, spectroscopic 
studies, often in combination with genetic techniques, 
have led to considerable progress in our understanding 
of these factors, which underlie the electronic 
properties of bacterial antennas. Different types of 
protein-BChl interactions may influence the 
absorption properties of LH complexes. Besides 
direct interactions (such as H-bond formation) the 
surrounding protein provides to the BChl molecules 
an environment with given dielectric properties, and 
it may, by steric hindrance, influence the conformation 
of their conjugated macrocycles, or of the conjugated 
chemical groups located peripheral to this macro- 
cycle. 

Crystallographic studies show that the BChl bound 
to the p polypeptide of the 850-nm absorbing pair in 
LH2 from Rps. acidophila is significantly distorted 
(Prince et al., 1997). This distortion may modify the 
absorption of this molecule (and thus of the BChl 
dimer, which would then be constituted of two 
spectroscopically unequivalent molecules). Reson- 
ance Raman studies have confirmed the existence of 
a distorted BChl in these proteins; moreover evidence 
was given that this distorted conformation exists in 
both LHl and LH2 proteins (Lapouge et al., 1999). 
Furthermore, calculation of the CD spectrum of LH2 



required the two bacteriochlorophylls bound to the a 
and p polypeptides to be spectrally different, with 
the p BChl about 300 cm~^ redder than the a BChl 
(Koolhaas et al., 1998). A similar difference was 
predicted to exist by quantum chemical calculations 
(Alden et al., 1997). Recently, the structure of the 
820-nm absorbing LH2 from strain 7050 of Rps. 
acidophila was deduced from X-ray crystallographic 
studies (McLuskey et al., 2001). On the basis of this 
structure, it was proposed that the absence of H- 
bonds from residues Tyr and Trp 0 : 45 , which have 

been replaced by Phe and Leu, induces an out-of- 
plane rotation of the acetyl carbonyl groups of the 
red-most absorbing BChls. The exact quantitative 
relationship between this rotation and the Qy blue 
shift observed upon the removal of the H-bond still 
remains to be established. It is unclear whether the 
rotation alone is large enough to deconjugate the 
acetyl group from the BChl macrocycle and account 
for the observed 850 to 820 nm spectral shift 
(Gudowska-Nowak et al., 1990). As detailed in 
Lapouge et al. (1999), deducing the conformation of 
the BChl molecules precisely from X-ray crystal- 
lographic studies is a demanding task and requires 
highly diffracting crystals. However, deconjugation 
of a carbonyl from the BChl macrocycle should be 
accompanied by a clear signature in the resonance 
Raman spectra (Ridge et al., 2000). The combination 
of such spectroscopic measurements with higher- 
resolution structural data for the 820-nm absorbing 
LH2 from Rps. acidophila and other bacterial strains 
should help in evaluating the factors that have a role 
in tuning the absorption of these complexes. 

More than a decade ago, it was postulated that the 
residues located at positions and 0:45 play a role in 
tuning the spectroscopic properties of LH2 from 
Rps. acidophila (Brunisholz et al, 1987). At these 
positions, a Leu-Phe doublet was found in 820-nm 
absorbing LH2, in contrast with the usually found 
Tyr-Trp doublet (or Tyr-Tyr in Rb. sphaeroides) in 
850-nm absorbing complexes (bolded in Fig. 2). 
Selective mutations of each of these Tyr to Phe 
resulted in a blue-shift of the B850 transition by 
about 1 5 nm, and doubly-mutated proteins exhibited 
electronic properties close to those of the low-light, 
B800-820 LH2 complexes from Rps. acidophila 
(Fowler et al., 1992). In the same complexes, it was 
shown by Raman spectroscopy that in wild-type 
LH2 these tyrosines form H-bonds with the acetyl 
carbonyl groups of the 850-nm absorbing BChl 
molecules (Fowler et al., 1994). Replacing one or 
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Fig. 5. Overview of the known mechanisms involved in tuning the position of the Qy electronic transition of BChl molecules in antenna 
complexes from purple bacteria. Additional mechanisms, such as conformation changes of the molecules, also could play a role, 
particularly in the shift of the Qy transitions of B850 and B880 from 790 to 820 nm (third and fifth arrows from the bottom). However, 
no conformational change is observed during the transition of Rsp. rubrum LHl from B820 to B873 (B. Robert, unpublished). 



both of these residues by leucine or phenylalanine 
removes these interactions without measurable 
reorganization of the BChl binding sites. This, 
together with the fact that the conservative part of the 
CD spectrum of the mutant proteins is, though blue- 
shifted, otherwise identical to that of the wild-type, 
suggested that these H-bonds have a direct effect on 
the LH2 absorption, which does not involve the 
excitonic interactions (Sturgis and Robert, 1996) 
(Fig. 5). 

Spectroscopic studies on naturally 820-nm 
absorbing LH2 confirmed that the tuning in vivo of 
the LH2 absorption from 850 to 820 nm is indeed 
accompanied by the loss of these H-bonds (Sturgis et 
ah, 1995a,b; Sturgis and Robert, 1997; Gall et ah, 
1999). A similar mechanism was found in LHl 
proteins. By a combination of spectroscopy and 
genetic techniques, it was shown that the conserved 
Trps o !43 and form H-bonds with the acetyl 
carbonyl of the 875-nm absorbing BChls in LHl. 
When these Trps are replaced by phenylalanines in 
Rb. sphaeroides LHl, the loss of each of these 
interactions shifts the Qy transition of these complexes 
about 10 nm to the blue (Olsen et al., 1994; Sturgis et 
al., 1997). In Roseococcus thiosulfatophilus LHl 



proteins, which absorb at 865 nm, the acetyl carbonyl 
of the BChl molecules are free from interactions 
(Gall et al., 1 999). This alone may explain the unusual 
absorption of this complex. A number of changes in 
the absorption of both LHl and LH2 proteins, due to 
mutations of the a and p polypeptides, were thus 
ascribed to the tuning of the absorption of individual 
BChl monomers in these proteins by H-bond 
formation (Sturgis and Robert, 1 997). It not however 
not yet clear whether these H-bonds have a direct 
effect on the absorption of the LH proteins or whether 
the latter is due to the properties of the sidechains in 
the immediate environment of the BChl molecules. 

In LH2 proteins from Rb. sphaeroides Arg ^821 
forms an H-bond with the acetyl carbonyl of the 
B800 (McDermott etal, 1995). When this interaction 
is broken by mutation, the Qy transition of this 
molecule blue shifts by about 1 0 nm, towards 790 nm 
(Fowler etal., 1997; Gall etal., 1997). Depending on 
the precise nature of the amino acid at position 
the Qy absorption of the B800 BChl in LH2 varies 
between 780 and 792. It was proposed that this 
additional 12 nm variation was due to changes in the 
local dielectric constant around the BChl (Gall et al., 
1997). Combination of the H-bond together with the 
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effect of a low dielectric constant almost fully 
accounts for the entire red-shift (from 770 to 800 
nm) experienced by the transition of BChl a upon 

binding in the B800 site. However, it is clear that 
these shifts are not sufficient to fully explain the 
position of the 875 and 850 nm transitions in LHl 
and LH2 proteins (Fig. 1), and that BChl/BChl 
interactions need to be taken into account. 

Direct experimental evidence that protein-BChl 
interactions are not the major cause for the absorption 
difference between LH 1 and LH2 came from massive, 
non-directed, mutagenesis experiments performed 
on Rb. capsulatus LH2. These experiments showed 
that a set of three mutations in the 13 subunit was 
sufficient to transform LH2 into ‘pseudo LHl’ 
proteins, i.e. proteins possessing the same absorption 
as LHl (Delagraveetal., 1995).Itwas shown further 
that the sequence changes did not alter either the 
protein-BChl interactions or the conformations of 
the BChls in any of these mutants (Hu et al., 1998). 
Another direct piece of evidence that BChl/BChl 
interactions play an important role in tuning the 
absorption of both LHl and LH2 came from 
measurements conducted at high hydrostatic pressure. 
High pressure shifts the Qy transition of LHl from 
Rsp. rubrum gradually to the red (with a slope of 
nearly 1000 cm”VGPa), although the conformations 
and the specific protein/BChl interactions are not 
affected (Sturgis et al., 1998) (Fig. 5). 

BChl/BChl interactions may affect the absorption 
of the interacting pigments by a number of 
mechanisms. Excitonic interactions, i.e. interactions 
between the excited electronic states, may occur 
between closely located pigments. This type of 
interaction has often been considered to be the major 
mechanism underlying the red-shift of LH 1 and LH2 
(see below, and for a general discussion van Grondelle 
et al. ( 1 994)). However, additional mechanisms exist. 
BChls in close contact form a large part of each 
other’s environment, i.e. their interactions may also 
be solvatochromic. Finally, the situation may be even 
more complex if the interactions between these 
molecules, maybe in combination with the asym- 
metric electrostatic environment provided by the 
protein, perturb the properties of the excited states. 
For example, it was shown by Stark spectroscopy 
that the Qy transitions of both LHl and LH2 exhibit 
a strong charge-transfer character, with LHl 
significantly larger than LH2 (Gottfried et al., 1991; 
Beekman et al., 1997a,b). This charge-transfer 
character, which is not present in the Qy transitions of 



monomeric pigments, could arise in the a/3 (BChl)2 
dimer, and possibly is one of the reasons why LHl 
and LH2 Qy transitions experience such a large red- 
shift in vivo (Somsen et al, 1998). Up to now, the 
role of these different mechanisms in the red-shift of 
the Qy of the bacterial LH has not been fully quantified. 
Factors influencing the Qy transitions are summarized 
graphically in Fig. 5. 

C. What Makes the Difference between LH1 
and LH2 Proteins? 

As discussed in Section III, non-directed mutagenesis 
experiments performed onRb. capsulatus LH2, have 
shown convincingly that most of the difference in 
absorption between LHl and LH2 resides in BChl- 
BChl interactions. However, many experimental 
results point to fundamental differences between 
these proteins in the nature of the lowest electronic 
excited states: their CD spectra are totally different, 
the inhomogeneous broadening of the Qy transition 
of LHl is larger than that of LH2, and the magnitude 
of the Stark effect is larger in LH 1 . However, it seems 
possible that this whole set of different spectral 
properties arises from only a limited number of 
variations in the structure of the a and (3 polypeptides. 
For instance, the a and j3 polypeptides of LH2 in Rsp. 
molischianum are both homologous to those normally 
found in LHl (Germeroth et al, 1993). However, its 
Qy transition lies at 850 nm, and it shares a number of 
spectral properties with normal LH2 proteins. On 
the other hand, the CD signal associated with this 
transition is nearly identical to that of LHl proteins 
(Visschers et al, 1 995). The situation is similar in the 
case of pseudo-LHl (pLHl) mutants obtained by 
non-directed mutagenesis and phenotypic screening 
of the f3 polypeptide of Rb. capsulatus LH2 (Hu et 
al, 1998). Some combinations of mutations resulted 
in absorption properties in the infrared nearly identical 
to those of LHl proteins. In addition to shifting the 
position of the Qy transition, these mutations increased 
the inhomogeneous broadening of the absorption 
band. 

Analysis of the sequences of these pLHl mutants 
has shown that a series of mutations on the N- 
terminal side of the transmembrane helix of the (3 
polypeptide is able to give the LH2 complex most of 
the spectral properties typical for LHl. These 
mutations are located towards the cytoplasmic side 
of the membrane, i.e. on the opposite side of the 
membrane relative to the BChl binding site. Also 
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striking is that, among the huge number of screened 
mutants, none could be found which would both 
exhibit LHl-like absorption and still bind the 800- 
nm absorbing BChl (Hu et al., 1998). These results 
strongly suggest that the difference between LHl 
and LH2 originates, at least partly, from the overall 
geometry of the LH polypeptides, i.e. from the factors 
that govern the angles between the a(3 subunits, 
which would in turn influence the angles between the 
BChl pairs in the complex. Among these factors, the 
presence of the 800-nm absorbing BChl and the 
volumes of the amino acids at the ends of the 
membrane helices of both a and (3 polypeptides are 
expected to play a dominant role in tuning the 
supramolecular organization of these polypeptides. 
They could thus determine, indirectly, the electronic 
properties of the LH proteins. It may be speculated 
that in the ‘LHT configuration the mtm-af3 BChl 
dimer is more tightly coupled, thus giving rise to the 
larger Stark effect and stronger excitonic interactions, 
both leading to the further red-shift. Future work 
involving site-selected mutations inspired from the 
sequences of these pseudo-LHl should clarify the 
roles of the different amino acids involved in these 
mechanisms. 



IV. Energy Transfer in Light-Harvesting 
Proteins from Purple Bacteria 

A. Energy Transfer between Carotenoid and 
Bacteriochlorophyll Molecules 

Carotenoid (Crt) molecules in photosynthetic 
pigment-protein complexes have three major 
functions: (i) they capture photons in the blue and 
green spectral range, i.e. in a spectral region where 
BChl molecules absorb poorly but where the solar 
spectrum is maximum, and transfer that energy to 
BChl; (ii) they protect the organism against oxidative 
stress, as they can quench BChl triplet states and 
singlet oxygen; and (iii) as evidenced by the LH2 
crystal structures, they have a structural role by 
participating in the overall organization and stability 
of the LH complexes from photosynthetic purple 
bacteria (Frank and Cogdell, 1995). In the known 
structures of the LH2 proteins, the only resolved 
carotenoid molecule is in van der Waals contact with 
both the 800-nm and the 850-nm absorbing BChl 
molecules (Fig. 3), and thus is ideally located for 
both singlet-singlet and triplet-triplet transfer 



mechanisms (McDermott et al., 1995; Freer et al., 
1996). 

The intense absorption of carotenoids in the blue- 
green spectral range arises from the second singlet 
excited state ( 83 ), the lowest one (Sj) being optically 
forbidden. However, in isolated carotenoids the 
carotenoid 82 state decays in about 100-200 fs, 
( 8 hreve et al., 1991b; Ricci et al., 1996) via internal 
conversion to 8 j, which lives for several picoseconds, 
depending on the number of conjugated C=C double 
bonds. As the emission spectra of 82 and 8 j overlap 
with the and absorption bands of BChl 
molecules, respectively, energy transfer from the 
carotenoid to the BChls can occur via either the 
82 — > Q,, or the 8 j — > Qy channels (Trautman et al, 
1990; 8 hreve et al., 1991a). The overall efficiency of 
Crt-to-BChl energy transfer is highly variable, ranging 
from nearly 100% in LH2 of Rb. sphaeroides to 55% 
in Rps. acidophila (and several similar complexes) 
and as low as -30% in LHl of Rsp. rubrum (Cogdell 
et al., 1981; Angerhofer et al., 1986; Noguchi et al., 
1990; Cogdell et al, 1992). This, however, does not 
seem to be due to structural differences between 
these LH (actually explaining these differences in 
yield would require tremendous variations in the 
structure of these complexes) but rather to type of 
carotenoid. With respect to the effect of length of 
conjugation, carotenoids with fewer conjugated 
double bonds generally have longer 8 j lifetimes and 
thereby allow more time for transfer from this state 
(Frank et al., 1993). As well, it may also depend on 
the propensity of the singlet excited state of some 
carotenoids to de-excite via a fission process (leading 
from a singlet excited state to a pair of triplet states) 
(Rademaker et al., 1979). 

InLH2 from Rb. sphaeroides mdRps. acidophila, 
carotenoid molecules transfer excitation energy to 
both 800- and 850-nm absorbing BChls. On the LH2 
of Rb. sphaeroides about 25% of the energy reaches 
the 850-nm absorbing BChls via the 800-nm 
absorbing BChls, while about 75% is transferred 
directly to them (Kramer et al., 1984; Chadwick et 
al., 1987). These transfers are extremely fast, as it 
could be shown that the 850-nm Qy state is populated 
within 200 fs after carotenoid excitation (Trautman 
etal., 1990; 8 hreveetal., 1991a). Because this rate is 
similar to that of the carotenoid 82 8 j decay, it is 
highly probable that these two process compete with 
each other. The transfer of excitation from the 
carotenoid to the BChl may thus occur via the two 
processes: 82 B850 and S 2 8 , — > B850/B800 Qy. 
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Although precise measurements of the kinetics of 
these processes have been achieved by a number of 
groups (Andersson et al, 1996; Ricci et ah, 1996; 
Krueger et al, 1998; Walla et al., 2000), due to the 
extreme difficulty of these experiments more work 
seems needed to reach a consensus on the exact path 
and speed of these transfers. From the rates observed 
and the proportion of excitation transferred to the 
different pigments, it is possible to draw general 
models of the transfer events. However, there is still 
no general agreement on the number of carotenoids 
bound per LH2, or on the parameters that determine 
this number. In particular, it is unclear whether the 
number of carotenoids is the same for all LH2, or 
whether it depends on growth conditions. 

Energy transfer from carotenoid to both the 800- 
and 830-nm absorbing BChls in LH2 from Chr 
purpuratum has been modeled on the basis of the 
presence of two carotenoids per a/3 pair (Andersson 
et al., 1996). In this model, one carotenoid transfers 
excitations exclusively to the B800 (through its Sj 
state), and the other to the B830 (through both S j and 
S 2 ). Recently, it was shown that the carotenoid 
absorption spectrum displayed a significant band- 
shift on BChl excitation, and the shift was about 
three times larger for B800 than for B850 excitation. 
The observed spectral differences strongly suggest 
the presence of two carotenoids per a(3 subunit, one 
reacting to the field induced by the 800-nm excited 
state, and the other more closely connected with the 
850-nm state (Herek et al., 1998). However, a direct 
demonstration of the presence of these two carotenoid 
molecules would help in clarifying the experimental 
results in this area. 

In spirilloxanthin-containing LHl (Rsp. rubrum, 
Rps. marina) the transfer of excitation energy from 
the spirilloxanthin to BChl a is low (about 30%) 
(Duysens, 1952). Excitation of this carotenoid to its 
allowed 83 state not only leads to energy transfer and 
relaxation to the forbidden Sj state, but also results in 
formation of triplets with a relatively high quantum 
yield. Since the triplet yield was found to depend on 
the presence of a relatively weak magnetic field 
(about 40% reduction in a field of .1 T), it was 
suggested that this direct triplet formation occurs by 
the process of singlet fission (Rademaker et al., 
1979). This process does not occur with spirillo- 
xanthin in organic solvents, and is unusual since 
most carotenoids cannot be excited directly to a 
triplet state. Measurements of the fluorescence 
quantum yield in a variety of LH complexes showed 



that the fast triplet formation in fact competed with 
the energy transfer to BChl, and that this phenomenon 
was not restricted to spirilloxanthin (Kingma et al., 
1985a,b). It was shown recently by femtosecond 
spectroscopy that, in LHl of Rsp. rubrum, the 82 
excited state decayed within 1 00 fs, generating the 8 j 
state, the BChl state, and a new state that in a few 
picoseconds led to the well-characterized triplet 
(Gradinaru et al., 2001). This new state could be a 
double triplet state localized on the originally excited 
carotenoid. However, precisely how this state decays 
into the normal triplet state is so far unknown. These 
and other results on light-harvesting carotenoids 
show that much remains to be discovered in these 
systems. 

6. Energy Transfer from the B800 BChl 
Molecules in LH2 

When LH2 is excited in the 800-nm absorbing ring 
of BChl molecules of the LH2 proteins, the excitation 
should be largely localized on a single molecule. The 
distance between these molecules (about 2 1 A center- 
to-center) is much too large for strong excitonic 
effects to take place. However, the excitation can be 
transferred from a given B800 molecule either to 
another B800 molecule, or to BChl(s) in the strongly 
coupled B850 ring (Kramer etal., 1984; Monshouwer 
and van Grondelle, 1996; Wu et al., 1997; 8 alverda 
et al., 2000). Direct evidence of B800-to-B800 
transfer is provided by the fact that, at low temperature, 
the fluorescence from the B800 is largely depolarized. 
This depolarization was used to estimate the kinetics 
of transfer within the B800 ring, taking into account 
that the 800-to-850 transfer occurs with a time 
constant of about 1.5 ps (Kramer et al., 1984). A 
value of about 500 fs was obtained, from which it 
was calculated that the distance between B800 BChls 
is about 2 1 A, a value that is remarkably close to that 
deduced from the crystallographic structure of the 
protein. 

8 everal groups have studied energy transfer within 
the B800 ring by measuring time-resolved anisotropy 
decay. These measurements have been performed at 
both low and room temperature, and with LH2 
complexes isolated from Rb. sphaeroides, Rps. 
palustris (Hess et al., 1993), Rps. acidophila (Ma et 
al., 1998) and Rsp. molischianum (M. Wendling 
unpublished). From the results obtained, a consistent 
view of this process has emerged. According to this 
picture, B800-to-B800 energy transfer is fast at low 
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temperature (300-500 fs) and slows down to about 1 
ps at room temperature (Hess et al., 1993). At low 
temperature, the fast relaxation following excitation 
of the 800 nm Qy transition may give direct evidence 
for energy transfer in the B800 band. In Rb. 
sphaeroides LH2, an isotropic decay has been shown 
to occur on the blue side of this band within 400 to 
500 fs, a lifetime that corresponds well to the rise 
kinetics observed on the red side (Monshouwer et 
al., 1995b; Monshouwer and van Grondelle, 1996). 
Similar results were reported for LH2 from Rps. 
acidophila (Wu et al., 1996a; Ma et al., 1998). In 
LH2 from Rsp. molischianum at 77K, the isotropic 
and anisotropic decays both occur in about 0.8 to 0.9 
ps (M. Wendling, unpublished results), i.e. twice 
slower than observed in Rps. acidophila and Rb. 
sphaeroides, although the anisotropy decay does not 
necessarily have the same decay time as the blue to 
red relaxation. As mentioned above, the positioning 
of the B800 BChl is quite different in the structures 
of Rps. acidophila and Rsp. molischianum LH2. It 
was recently calculated that the dipole-dipole 
coupling between B800 BChls is smaller in Rsp. 
molischianum, and this difference is large enough to 
account for the observed difference in energy transfer 
rate (M. Wendling, unpublished). Experiments at 
room temperature are more demanding because the 
faster 800-to-850 energy transfer reduces the time 
during which depolarization may be observed. 
Although a lifetime as short as 300 fs was reported 
for Rps. acidophila LH2 (Ma et al., 1997), recent 3- 
pulse photon echo peak shift experiments on LH2 of 
Rsp. molischianum and Rps. acidophila yielded for 
both LH2s a 1 ps decay phase in the peak shift, which 
was ascribed to B800-to-B800 energy transfer (Joo 
etal., 1996; Salverdaetal., 2000). This result implies 
a time constant of 2 ps for hopping within the B800 
ring. The remarkable temperature dependence (slower 
at higher temperature) originates from the spectral 
overlap term in the Fdrster equation, which decreases 
at higher temperatures because of band broadening 
(Hess et al., 1995a; Pullerits et al., 1997). The same 
broadening increases the rate of B800-to-B850 energy 
transfer. 

From B800, excitation is rapidly transferred to the 
B850, thus jumping from the outer ring of well 
separated BChls to the intramembrane ring where 
neighboring BChls have strong excitonic interactions. 
This transfer step puts the excitation into a plane that 
it will not leave afterwards, as both the B875 of the 
LHl proteins and the primary electron donor (P) of 



the reaction centers are located in this same plane 
(Hunter, 1995). Energy transfer from B800 to B850 
has been studied extensively, probably because its 
characterization can be performed on isolated LH2 
proteins, and also because it involves well-separated 
electronic transitions. By the late 1980s, it was 
established that the time constant for this transfer 
was less than a picosecond (Sundstrom et al., 1986; 
Freiberg etal., 1988). Subsequent experiments using 
femtosecond pulsed lasers demonstrated that the 
time constant for energy transfer from B800 to B850 
is about 700 fs at room temperature (Shreve et al., 
1991a) and slows to about 1 ps at 77 K and about 2 ps 
at 4 K (Monshouwer et al., 1995a; Pullerits et al., 
1997). 

The availability of site-selected mutants of LH2 
complexes with altered absorption properties has 
made it possible to study the mechanism of 800-to- 
850 transfer in detail (Hess et al., 1994; Fowler et al., 
1997). As discussed above, the B850 transitions in 
LH2 mutants from Rb. sphaeroides bearing a single 
or double mutation of Tyrs and are blue- 
shifted to 839 and 826 nm, respectively (Fowler et 
al., 1992). Similarly, mutations of Arg shift the 
B800 transition to 780 nm (Gall et al., 1997). This 
system is thus ideal for studying how the transfer rate 
evolves with the spectral overlap, and for a quantitative 
assessment of the physical mechanisms underlying 
this particular step of excitation transfer. 

A proper analysis of the rate of energy transfer 
from B800 to B850 is more complicated than one 
might have expected. Evaluating the spectral overlap 
between the B800 and B850 BChls requires one to 
take into account, not only the main 800- and 850- 
nm absorption bands (which overlap only very 
weakly), but also the large manifold of excitonic and 
vibrational sublevels of the B850 ring. Although the 
results obtained at different temperatures with the 
mutant strains could be accounted for qualitatively 
in a simple Forster model (Hess et al., 1994; Fowler 
et al., 1997), quantitative calculations indicated that 
energy transfer from B800 to B850 would be much 
slower than observed if it occurred only by the 
Fdrster mechanism (Pullerits et al., 1997; Herek et 
al., 2000). A second channel for energy transfer was 
suggested to involve higher-energy excitonic 
transitions of the B850 ring (Wu et al., 1996b; Kuhn 
and Sundstrdm, 1 997). These transitions occur in the 
region of 780 nm, where they overlap the emission 
spectrum of B800. Because the rate of energy transfer 
in the Fdrster picture is proportional to the dipole 
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strength of the acceptor, and the higher-energy exciton 
transitions of B850 have only small dipole strengths, 
one might expect that energy transfer to these 
transitions would be very slow. However, the coupling 
matrix elements for energy transfer cannot be 
calculated correctly on the basis of the dipole strengths 
observed in the absorption spectrum. Instead, it is 
necessary to evaluate the interactions of a B800 
BChl with each of the individual B850 BChls, which 
will be located at various distances and with various 
orientations (Sumi, 1999). The asymmetric position 
of the B800 molecule relative to the B850 ring 
breaks the symmetry of the interactions, with the 
result that B850 transitions that are ‘forbidden’ in 
absorption can be coupled significantly to the B800 
Qy transition. In addition, disorder in the B850 ring 
must be considered. The spectral overlap must be 
calculated for each realization of the disorder (i.e. for 
each individual ring) and then averaged. Such a 
calculation requires lineshape parameters and 
electronic couplings that cannot be obtained directly 
from the ensemble emission and absorption spectra 
and so must be measured or calculated independently 
Scholes and Fleming recently performed calculations 
in which they took lineshape parameters from photon 
echo experiments (Joo et al., 1996; Scholes et al., 
1999) and electronic couplings from quantum 
mechanical calculations (Scholes and Fleming, 2000). 
These calculations led to faster energy transfer 
kinetics, though still twice slower than those observed 
experimentally. 

CD experiments performed on LH2 mutants from 
Rb. sphaeroides devoid of the 800-nm absorbing 
BChl have identified a weak transition at about 780 
nm, which most likely arises from the B850 exciton 
manifold (Koolhaas et al., 1998). The position, 
intensity and shape of this transition could be 
reproduced well by assuming a dipole-dipole coupling 
between the BChls of the B850 ring of about 300 
cm~‘ and a disorder of 400 cm“’ (FWHM) (Koolhaas 
et al., 1998; Koolhaas et al., 2000). As discussed 
above, this band provides an additional spectral 
overlap between the B800 transition and the B850 
excitonic manifold at room temperature. The overlap 
would become significantly smaller at low temper- 
ature as the 800-nm transition becomes extremely 
narrow. It was thus suggested that the slowing of the 
transfer kinetics between room temperature and 4 K 
results from the progressive disappearance of this 
spectral overlap, i.e. from the progressive closure of 
one of the excitation transfer paths (Sundstrdm et al.. 



1999). From the observed temperature dependence 
of the kinetics, about 50% of the excitation transfer 
at room temperature was estimated to involve the 
upper edge of the 850-nm exciton band. However, 
additional channels for excitation transfer cannot be 
fully excluded. It was proposed that carotenoid could 
mediate the 800-to-850 coupling (Pullerits et al., 
1997). Studies of LH2 complexes devoid of 
carotenoids, which recently have been reported to 
assemble in purple sulfur bacteria such as Chr. 
minutissimum (Krikunova et al., 2002), would help 
to test this hypothesis. 

C. Excitation and Energy Transfer in the 850 
nm Transition 

As discussed above, it is clear that the B850 BChls in 
LH2 are strongly coupled. A value of about 250-400 
cm"^ for the BChl-to-BChl coupling in this structure 
has been reported by many groups (Monshouwer 
and van Grondelle, 1996; Sauer et al., 1996a; Alden 
et al., 1997; Pullerits et al., 1997; Koolhaas et al, 
1998; Krueger et al, 1998; Novoderezhkin et al, 
1999). Nevertheless, the molecular origin of the 850 
nm transition is quite complex to determine precisely. 
However, the time evolution of the excited state in 
the B850 ring depends on the origin of the absorption 
band an4 as a consequence, the study of the evolution 
of the excited state after excitation with a short pulse 
may yield additional information. Over the past few 
years, a large number of advanced spectroscopic 
techniques have been applied to address this problem, 
including time-resolved absorption (Visser et al, 
1995; Chachisvilis et al, 1997;Kennis etal, 1997b; 
Nagarajan et al, 1999), fluorescence upconversion 
(Jimenez and Fleming, 1996), three-pulse photon 
echo peak shift (Jimenez et al, 1 997), and other non- 
linear techniques (Leupold et al, 1993). Although 
general agreement has not yet been reached on every 
aspect of this problem, this field has progressed 
tremendously in the past decade. 

Excitation of the 850-nm transition results in a 
bleaching and stimulated emission that shift very 
rapidly towards the red of the transition. Most groups 
have reached the same conclusion, though using 
different techniques, namely that at least two different 
events occur during this process. There is first a very 
fast phase (50 fs) that arises from relaxation due to 
the coupling of the electronic transition to rapid 
fluctuations in the protein environment following the 
initial excitation (Monshouwer et al, 1998; Jimenez 
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and Fleming, 1996) and a slower phase, which is 
thought to correspond to an excitation redistribution 
over nonequivalent energetic sites (Visser et ah, 
1 995 ; Jimenez and Fleming, 1 996). This redistribution 
proceeds by steps as fast as 100 fs, and is complete in 
less than a picosecond. Different isotropic and 
anisotropic decay times measured in LH2 suggest 
that the 100 fs steps occurring during the excitation 
redistribution do not correspond to hopping of the 
excitation from monomer to monomer (Pullerits and 
Sundstrdm, 1996; Chachisvilis et al., 1997). Instead, 
the excitation probably is distributed over more than 
one BChl molecule, and the hopping occurs between 
groups of BChls. Estimates of the precise localization 
of the excitation is still a matter of controversy, but 
most studies were found to be consistent with a 
delocalization length of the exciton varying between 
two and six BChl molecules at 1 ps after excitation 
(Pullerits and Sundstrom, 1996). 

It must be pointed out that the picture of excitation 
redistribution through a series of Forster- type energy- 
transfer events, where the excitation hops between 
subsets of BChls in the ring, does not seem able to 
explain some of the experimental data observed for 
LH2. Among those, the most striking are the low- 
frequency oscillatory phenomena, which have been 
observed after excitation with ultra-short pulses 
(Chachisvilis etal., 1994; Monshouweret al., 1998). 
Such low-frequency oscillations usually are explained 
by coherent nuclear motions in the ground or excited 
state. However, they are observable in both LHl and 
LH2 for several picoseconds after excitation, i.e. 
long after the excitation is supposed to have 
equilibrated through a large number of energy-transfer 
steps. In a recent simulation of the dynamics the 
following schematic view emerged. If one assumes 
that the excitons are coupled only weakly to their 
environment, coherent nuclear motions induced by 
the femtosecond excitation and the relaxation in the 
excitonic manifold occur independently during the 
first 100 fs. Hopping sets in on a slower time scale, 
destroying the coherent nuclear motion of the excited 
state (Novoderezhkin et al., 1999). From the 
amplitude of the peakshifts observed in three-pulse 
photon echo peak shift experiments, it may indeed be 
concluded that the coupling of the electronic transition 
to the environment in photosynthetic pigment- 
proteins is relatively weak, for instance when 
compared to dye molecules in solution (Jimenez et 
al., 1997; Yu et al., 1997). However, in reality, the 



interplay between electronic and nuclear degrees of 
freedom and their interaction with the environment 
should be explicitly accounted for. 

Energy transfer between 850-nm absorbing rings 
of different LH2 proteins is particularly difficult to 
study. First, it requires performing experiments on 
whole membranes, i.e. facing the yet unsolved 
problem of heterogeneity of such biological samples. 
Second, as the different rings are expected to be 
spectroscopically quite similar, and since the 
polarization is entirely lost after absorption by the 
first 850 nm ring, there are currently very few data 
that can be safely used to characterize this step. At 
low temperature, the induced bleaching and emission 
continue to shift to the red with time between 3 and 
10 ps after excitation (Chachisvilis et al., 1997; 
Freiberg et al., 1998). This long-time dynamics was 
assigned to excitation transfer among LH2 rings 
(Freiberg et al., 1998), thus suggesting that the 
inhomogeneity of the electronic properties of 
individual LH2 rings is large enough to reveal the 
850-to-850 excitation transfer between rings. These 
values are consistent with calculations on systems 
containing more than a single ring, which predicted 
a time constant of about 7 ps for LH2-to-LH2 transfer 
(Hu et al., 1997). These kinetics for the 850-to-850 
transfer, assuming that the 3-10 ps process reflects 
energy transfer, match quite well with the numbers 
obtained for LH2-to-LHl transfer (see below). The 
distances between LH2 rings and between LH2 and 
LH 1 rings could be quite similar. The donor-acceptor 
spectral overlaps for B850 — > B850 and B850 
LHl energy transfer also are similar, at least at room 
temperature when the spectra are broad. Therefore, 
studies of LH2-to-LHl energy transfer should in 
principle also yield information on the kinetics of 
LH2-to-LH2 transfers. 

D. LH2 to LH1 Transfers 

LH2-to-LH 1 ring energy transfer is easily observable 
because of the differences of the absorption and 
fluorescence spectra of the two complexes. Energy 
transfer at both room and low temperatures has been 
measured in membranes from different purple 
bacterial strains by a number of groups (Sundstrdm 
et al., 1986; van Grondelle et al., 1987; Freiberg et 
al., 1989; Zhang et al., 1992; Mueller et al., 1993; 
van Grondelle et al., 1994; Hess et al., 1995b; 
Nagarajan and Parson, 1997). Most of the results 
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B850 ring 

100 - 200 fs 




Fig. 6. Overview of the energy-transfer transfer steps in the photosynthetic membrane of purple bacteria at room temperature. See 
Color Plate 3. 



obtained are in fair agreement, and it may be safely 
concluded that a large part of LH2>to-LHl energy 
transfer occurs with a time constant of 3 to 5 
picoseconds (Hess et ah, 1995b). Part of the LH2-to- 
LH 1 energy transfer occurs on a time scale of several 
tens of picoseconds, and this may be assigned to 
LH2-to-LH2 transfer before one of the LH2 delivers 
the excitation to an LHl (Nagarajan and Parson, 
1997). As neither the number of LH2 per LHl, nor 
the organization of LH2 around (or, at least in the 
vicinity of) LHl is very well defined, it is difficult to 
evaluate how long excitations should hop between 
different LH2 rings before being transferred to LHl . 
Calculations based on a photosynthetic unit modeled 
on the Rsp. molischianum LH2 structure, in which 
LH2 directly surrounds LHl, have predicted that 
LH2-to-LHl transfers should occur with 3-5 
picosecond kinetics (Hu et al., 1997) (Fig. 6). 



E. Excitation in LH1 Rings: Equiiibration and 
Transfer to Reaction Centers 

The ultimate goal of the photosynthetic light- 
harvesting process is the transfer of excitation energy 
to reaction centers, which is achieved by LH 1 antennas 
(Fig. 6). Fully understanding this process would 
ideally require the determination of two parameters. 
First, what is the organization of LHl around the 
reaction centers, and in particular, how many a(3 
subunits surround how many reaction centers (see 
above)? And second, what precisely is the nature of 
the excitation in LHl? 

The first events following energy absorption in 
LHl have been reported to be quite similar to those 
occurring in LH2, consisting of a very fast energy 
redistribution that is completed within ca. half a 
picosecond (Bradforth et al., 1995; Visser et al, 
1995; Kumble et al., 1996; Chachisvilis et al., 1997; 
Monshouwer et al., 1998). If exciton hopping lies at 
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the basis of the spectral dynamics, each hop occurs 
in about 100 femtoseconds. Due to the inhomo- 
geneous broadening of LHl, this hopping results in 
ultra-fast downhill energy transfer, and thus in an 
apparent shift of the observed bleaching and emission 
when excitation occurs on the blue wing of the LHl 
absorption. Comparison of isotropic and anisotropic 
decays in LHl fromT^Z?. sphaeroides (Chachisvilis et 
al., 1997) m&Rps. v/n(i/.s'(Monshouweretal., 1998) 
led to the conclusion that, as in LH2, the excitation in 
LHl cannot be localized on a single BChl molecule 
(Chachisvilis et al., 1997). However, the precise 
degree of localization of excitation in LHl is still 
unknown. Comparing the initial peak-shift value 
measured by three-pulse photon echo peak shift 
spectroscopy for LHl in its native and dissociated 
forms suggests that dissociation of LHl does not 
affect the excitation delocalization (Yu et al., 1997). 
As dissociated forms of LHl exhibit the spectral 
properties of a BChl dimer, it was concluded that the 
excitation is localized on a very small number of 
BChl molecules, probably a dimer. Simulations aimed 
at reproducing the experimental pump-probe 
spectrum measured after excitation by an ultra-short 
pulse suggested that the excitation is shared by about 
four BChl molecules (Pullerits and Sundstrom, 1996). 
Though there are still some uncertainties on the 
precise number of BChls that share the excitation, it 
is worth noting that most results converge towards 
small numbers as compared to 32, the total number 
of BChls in the LHl ring. As in LH2, low-frequency 
oscillatory phenomena have been observed in LHl, 
and these survive for quite a long time compared to 
the hopping time in the ring (Chachisvilis et al., 
1994, 1995; Bradforth et al., 1995; Jimenez et al., 
1997; Monshouwer et al., 1998). 

The last step of the energy-transfer process takes 
the excitation from the LHl to the reaction center. 
The rate of this reaction has been measured by a 
number of groups (for a review see Freiberg, 1995), 
as it contains an important piece of information on 
the overall excitation trapping process. This overall 
trapping process may be trap-limited (i.e. limited by 
the charge-separation rate in the reaction centers), 
diffusion-limited (i.e. limited by the migration of the 
excitation in the antenna proteins), or transfer-to- 
the-trap limited (i.e. limited by the rate of excitation 
transfer from LH 1 to the RC). When reaction centers 
are fully able to perform charge separation, trapping 
kinetics ranging from about 35 to about 80 
picoseconds have been measured by time-resolved 



absorption and fluorescence techniques (Sundstrom 
et al., 1986; van Grondelle et al., 1987; Visscher et 
al., 1989; Beekman et al., 1994; Freiberg et al., 
1996). It is not yet completely clear why there are 
such discrepancies between measurements, but their 
origin probably lies in the poor characterization of 
whole membranes of a given organism. For instance, 
an increasing ratio of LH2 to LHl will decrease the 
probability of finding the excitation on LHl , thereby 
slowing the trapping kinetics. Secondly, the oxidation 
state of the special pair is known to affect the excited- 
state lifetime, with the excitation living three to four 
times longer in oxidized reaction centers (P^) than in 
reduced (P). Finally, the way the membranes have 
been prepared and stored, and the age and growth 
conditions of the bacterial culture are likely to play a 
role in determining the overall architecture of the 
samples. It seems possible that these parameters 
could account for the factor of almost three between 
the various reported measurements. However, all the 
values appear to be extremely slow compared to the 
kinetics of both the primary charge separation and 
the ring-to-ring transfer in the photosynthetic 
membrane. This implies that energy transfer from 
the LHl to the special pair is the rate-limiting step of 
the overall energy-trapping process, which means 
that the latter is transfer-to-trap-limited (Beekman et 
al., 1994; Somsen et al., 1994; Timpmann et al., 
1995; Somsen et al., 1996a). On the other hand, it 
was reported that the trapping time depends on the 
redox state of reaction center components other than 
P, because significantly slower kinetics were found 
for ‘closed’ reaction centers, i.e. proteins in which 
the first quinone had been reduced (Timpmann et al., 

1 993). This conclusion, which suggests a trap-limited 
excitation process was recently re-addressed (Trissl 
et al., 1999). It appears that the dependence of the 
observed kinetics upon the redox state of this quinone 
is only 7% in Rsp. rubrum, in good agreement with 
the transfer-to-trap-limited model. A slightly stronger 
dependence was found for Rps. viridis, but the 
transfer-to-trap limitation seems to reflect quite well 
the situation in most bacteria that contain only LH 1 . 

Considering the organization of LHl around the 
reaction centers as observed by electronic microscopy 
and the models that were derived from these 
experiments, it appears that the distance between the 
LHl BChl and P in reaction centers is always very 
large. Though this might just be due to the size of 
reaction centers, it was speculated that the large 
distance could play a role in avoiding oxidation of 
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the BChl from LHl by the oxidized primary donor 
(P) (Sundstrom et ah, 1999). Indeed, it is possible to 
oxidize these BChls chemically by ferricyanide, 
which suggests that their redox potential is close to, 
or even lower than that of P (Picorel et ah, 1984). 
Oxidation of even one molecule of BChl per LHl 
ring is sufficient to quench its singlet excited state 
dramatically and render it useless as an antenna 
complex (Law and Cogdell, 1997). It was noted that 
if the LHl-to-P distance must be kept large, then a 
circular organization of LHl around the reaction 
centers is the only way to keep the trapping efficiency 
high (Fleming and van Grondelle, 1997). The fact 
that only a small number of LHl excited states are 
degenerate with P also contributes to an increased 
localization of the excitation on P, and therefore a 
higher trapping rate. We speculate that both these 
contributions are essential for the proper functioning 
of the whole excitation-transfer process. Formation 
of rings, or of portions of rings around the reaction 
centers would thus be a very important feature of the 
ultimate photosynthetic efficiency in purple 
photosynthetic bacteria. 

V. Conclusion 

The study of light-harvesting proteins of purple 
photosynthetic bacteria has led to the description of 
a quite complex biological system and of its different 
components at an unprecedented level of both physics 
and biology. Not only has this achievement involved 
a tremendous number of experimental techniques 
that previously had been applied in biology only 
sparingly (if at all), but also it has reached a point 
where one can reasonably hope to understand, from 
a physical point of view, the details of a process 
involving multiple components of a biological 
membrane. Although in the last decade most of the 
points of controversy concerning the kinetics and the 
mechanisms of excitation transfer in the intra- 
cytoplasmic membrane of photosynthetic purple 
bacteria have been resolved, it is likely that this 
particular field of photosynthesis will continue to 
grow in the future. Indeed it offers exciting 
opportunities to develop in new directions, including 
the mechanism of insertion and supramolecular 
organization of membrane proteins in vivo and the 
most advanced aspects of theory for energy transfer 
in well-defined molecular assemblies. 
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Summary 

Green photosynthetic bacteria contain unique peripheral antenna complexes known as chlorosomes. Chlorosome 
complexes are optimized for light collection at low levels. The chlorosome is composed of large amounts of 
pigment and relatively little protein. The pigments consist principally of bacteriochlorophylls c, d or e plus 
carotenoids, along with small amounts of bacteriochlorophyll a. The bacteriochlorophylls c, d or e are 
organized into pigment oligomers with relatively little or no involvement of protein in determining the pigment 
arrangement. The bacteriochlorophyll a is associated with a protein as a pigment-protein complex. Additional 
membrane-associated antenna complexes are energy transfer intermediates between the chlorosome and the 
reaction center. These include the Fenna-Matthews-Olson protein in the green sulfur bacteria, and integral 
membrane antenna complexes similar to the purple bacterial LHI complex in the green nonsulfur bacteria. The 
green sulfur bacteria antenna system is regulated by redox potential, so that excitations are efficiently quenched 
at high redox potentials and never reach the reaction center. This regulation is mediated by quinone molecules 
that are localized in the chlorosome complex and is thought to protect the cell from light-induced superoxide 
formation under conditions of transient oxygen exposure. 

* Author for correspondence, email: blankenship@asu.edu 
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I. Introduction 

A. Classes of Green Photosynthetic Bacteria 

The green photosynthetic bacteria are anoxygenic 
phototrophs that contain unique antenna complexes 
known as chlorosomes. The chlorosome is an antenna 
system that is well adapted to conditions of extremely 
low light flux. It presents an extraordinarily high 
absorption cross section to incoming light, while at 
the same time utilizing a minimum of cellular 
resources in its construction. It is thus an ideal 
system for organisms that live in conditions where 
they receive little light and must grow using only 
photosynthesis as an energy source. 

There are two families of green bacteria. One 
family is the Chlorobiaceae, also called the green 
sulfur bacteria (Triiper and Pfennig, 1992). These 
organisms are strict anaerobes and contain an Fe-S 
type of reaction center similar to Photosystem I 
(FeilerandHauska, 1995;Sakurai etal, 1996; Olson, 
1 998). In addition, they contain the BChl (^-containing 
trimeric Fenna-Matthews-Olson (FMO) antenna 
protein complex, which is discussed in more detail 
below. The green sulfur bacteria exemplify the 
physiological characteristics given above, in that 
they are obligate photoautotrophs and are often found 
at the very lowest levels of the photic zone, either in 
lake or microbial mat environments (van Gemerden 
and Mas, 1995). The most widely studied green 
sulfur bacteria are a deep emerald green color, which 
gives the entire group its name. However, some 
species, especially those that contain BChl e, are 
brown in color. 

The other family of green bacteria is the 
Chloroflexaceae, often called the green gliding, green 
filamentous or green nonsulfur bacteria (Pierson and 
Castenholz, 1992, 1995). They are facultatively aero- 
bic and contain a pheophytin-quinone type of reaction 
center similar to that found in Photosystem II and the 
purple bacteria (Feick et al., 1 995). The only member 
of this family that has been well studied is the 
thermophilic organism Chloroflexus aurantiacus. 
These organisms are less obviously dependent on 
carrying out photosynthesis in low light environ- 
ments, and are often found in hot spring microbial 

Abbreviations: BChl - bacteriochlorophyll; Chi - chlorophyll; 

- redox midpoint potential; FMO - Fenna-Matthews-Olson; 
F^^ - fluorescenee intensity under oxidized conditions; F^^^ - 
fluorescence intensity under redueed conditions; LH - light 
harvesting; MK - menaquinone 
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mats, where they are either surface exposed or 
underlie a layer of cyanobacteria. The contrast 
between some of the properties of the chlorosomes 
in the two families of green bacteria is interesting 
and provides clues to their different environmental 
and physiological characteristics. Table I summarizes 
some of the characteristics of the antenna systems 
and reaction centers from the two families of green 
bacteria. 

Another group of anoxygenic photosynthetic 
organisms that is closely related to the green nonsulfiir 
bacteria is represented by Heliothrix oregonensis 
(Pierson et al., 1985) and a recently isolated species, 
Roseiflexus castenholzii (Hanada et al., 2002). 
Available information indicates that most of the 
phylogenetic, metabolic and physiological charac- 
teristics of these organisms are similar to those of the 
green nonsulfur bacteria, except for the absence of 
the characteristic chlorosome antenna complex. In 
addition to Heliothrix oregonensis and Roseiflexus 
castenholzii, several species of uncultured organisms 
appear to belong in this group (Boomer et al., 2000). 

The two families of green bacteria appear to be 
only very distantly related, based on 16S r-RNA 
analysis (Gibson et al., 1985; Woese, 1987). 
Metabolically and physiologically the two groups 
are very different, and for some time it has been 
considered likely that the information needed to 
build the chlorosome was laterally transferred 
between the two groups of organisms (Blankenship, 

1 992). However, recent sequencing of genes involved 
in bacteriochlorophyll a biosynthesis has indicated 
that at least this portion of the genetic information 
needed to carry out photosynthesis is closely related 
in the two groups of organisms (Xiong et al., 2000). 
Whether this represents a close relationship of the 
rest of the photosynthetic apparatus or other metabolic 
pathways remains to be determined. The comparison 
of the complete genome sequences of representatives 
of the two groups, just recently completed but not yet 
fully analyzed or published, should firmly establish 
just how they are related. 

B. Cellular Organization 

The characteristic feature of green photosynthetic 
bacteria is the peripheral light-harvesting structure 
known as the chlorosome (Fig. 1). This complex, 
described in detail in Section II, is attached to the 
cytoplasmic side of the inner cell membrane, which, 
in contrast to the intracytoplasmic membrane of 
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Chlorosome-Green Sulfur Bacteria 




Chlorosome-Green Nonsulfur Bacteria 




Fig. 1. Schematic structural models of chlorosomes from green sulfur bacteria (top) and green nonsulfur bacteria (bottom). 



purple bacteria, is not invaginated. The chlorosome 
structure contains all the BChl c,d ore in the cell and 
a small amount of BChl a that is an integral part of 
the chlorosome, in a complex known as the baseplate 
(discussed below). 

The BChl a in green bacteria is mostly contained 
in membrane-bound antenna pigment-proteins and 
in the reaction centers. The best studied of the BChl 
a-containing antenna pigment-proteins is the Fenna- 
Matthews-Olson or (FMO) protein (Matthews and 
Fenna, 1980). It is a peripheral membrane protein 



found only in the green sulfur bacteria, and is 
discussed in more detail below. The green sulfur 
bacteria do not have any known integral membrane 
antenna complexes, except the reaction center 
complex itself, which contains some antenna 
pigments. The green sulfur bacterial reaction center 
is generally similar to Photosystem I, in that it contains 
a series of Fe-S clusters as early electron acceptors 
bound to a homodimeric core reaction center protein 
complex of two 82 kDa proteins (Biittner et al., 
1992). However, the green sulfur bacterial complex 
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Bacteriochlorophyll c Bacteriochlorophyll d Bacteriochlorophyll e 




Bchl cf Ri=Et, Pr, Bu, neoPent; R2=Me, Et; R3=farnesyl, others 
Bchl e Ri=Et, Pr, Bu, neoPent; R2=Et; R3=farnesyl, others 
* Chiral center-can be either R or S 

Fig. 2. Structures of bacteriochlorophylls c, d and e. lUPAC nomenclature is used for the numbering of the carbon atoms and the 
designations of the rings. 



contains many fewer pigments than Photosystem I. 
Recent analytical measurements indicate that the 
reaction center complex contains 16 molecules of 
BChl a (Griesbeck et ah, 1998; Permentier et ah, 
2000) and four molecules of a pigment with the same 
macrocycle as Chi a but with a different esterifying 
tail (van de Meent et ah, 1992; Permentier et ah, 
2000). The Chi a serves as the primary electron 
acceptor. The primary electron donor BChl a, 
probably a special pair, absorbs at 840 nm. 

The green nonsulfur bacteria contain an integral 
membrane antenna complex known as the B808-865 
complex. This complex has been sequenced in 
Chloroflexus and appears by sequence to be most 
closely related to the LHl complex found in purple 
photosynthetic bacteria (Wechsleretal., 1985b, 1987, 
1991; Zuber and Brunisholz, 1991; Watanabe et al., 
1995). However, a significant difference is that the 
B808-865 complex contains two spectral types of 
BChl a, absorbing at 808 and 865 nm instead of the 
one type of BChl a that typically absorbs at 870 to 
880 nm in LHl complexes. This makes the 
Chloroflexus complex spectrally more similar to the 
LH2 class of purple bacterial antenna complexes. 
Whether the B808-865 antenna complex is organized 
in a large ring that surrounds the reaction center, as 
the LHl complexes appear to be in purple bacteria, 
or is organized in smaller rings that are more 



peripheral to the reaction center, as the LH2 
complexes are (Cogdell et al., 1999), is not known, 
although the former arrangement seems the more 
likely. 

The Chloroflexus reaction center is generally 
similar to that found in the purple bacteria except 
that it does not contain an H subunit (Feick et al., 
1995). The H subunit is found on the cytoplasmic 
side of the membrane in the purple bacteria in the 
position occupied by the chlorosome in the green 
nonsulfur bacteria. The primary electron donor 
absorbs at 865 nm. 

Schematic structural models of the chlorosomes 
and associated antenna and reaction center complexes 
in the two families of green bacteria are shown in 
Fig. 1. 

C. Pigment Content 

Most green bacteria contain both BChl a and either 
BChl c, BChl d or BChl e (Scheer, 1991; Oelze and 
Golecki, 1995; Blankenship et al., 1995; Olson, 
1998). The structures of the latter pigments are shown 
in Fig. 2, and are collectively known as chlorobium 
chlorophylls. A preferred nomenclature for these 
pigments has been proposed (Smith, 1994). 
Chemically, the chlorobium chlorophylls are more 
closely related to the true chlorophylls than to 
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bacteriochlorophyll a in that the double bond in ring 
B is not reduced. This feature makes them chemically 
classified as chlorins instead of bacteriochlorins. 
One unique feature of the chlorobium chlorophylls is 
the lack of the bulky carboxymethyl substituent at 
the 13^ position on ring E that is found in all other 
chlorophyll-type pigments. A second unique chemical 
feature is the hydroxyethyl substituent at the 3 position 
on ring A. In addition, the 3^ carbon is asymmetric 
and both R and S diastereomers are often found in 
significant quantities (Smith et al., 1982; Brune et 
al., 1987; Bobe et al., 1990; Chiefari et al., 1995; 
Ishii et al., 2000). The final unusual feature of these 
pigments is the remarkable pigment heterogeneity 
found in chlorosomes. BChls c, d and e, unlike all 
other chlorophylls, are not single compounds, but 
rather are groups of chemically related compounds 
(Smith, 1994). The pigment heterogeneity occurs 
primarily at the C-8 and C- 1 2 positions, where varying 
alkyl substituents are found. In addition, the tails are 
somewhat variable, especially in the green nonsulfur 
bacteria, which can incorporate a wide range of 
alcohols into the tail (Larsen et al., 1995). 

The characteristic structural feature of BChl c that 
distinguishes it from BChl d and e is the presence of 
a methyl substituent at the C-20 position. BChl d has 
a hydrogen substituent at C-20. BChl e has methyl at 
C-20 and a formyl group at C-7. BChl /, with hydrogen 
at C-20 and formyl at C-7 is the logical final member 
of the series of pigments. It has never been found in 
any natural organism, but its properties have been 
investigated in model compounds (Tamiaki et al., 
2000 ). 

In almost all cases cells contain only a single type 
of chlorobium chlorophyll, BChl c, d or e, which 
functions exclusively as an antenna pigment and is 
contained only in the chlorosomes (Oelze and 
Golecki, 1995; Blankenship et al., 1995). Typical 
absorption maxima in vivo for these pigments are 
740-750 nm for BChl c (740 nm is typical of green 
nonsulfur bacteria and 750 nm is typical for green 
sulfur bacteria), 725 for BChl d and 712 for BChl e. 
An exception is found in some strains of Chlorobium 
limicola in which both BChl c and d occur in 
significant quantities (Steensgaard et al., 1999, 
2000b). BChl c, d or e constitutes about half the 
mass of the chlorosomes, as shown in Table 2. 

Almost nothing is known about the biosynthetic 
pathways for the chlorobium chlorophylls (see Porra, 
1997, for review). This represents an area that is in 
need of further research. The mechanism(s) by which 
the organism regulates the biosynthesis of the two 
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types of chlorophylls (e.g. BChl a and c) found in the 
cell and fine tunes the pigment composition to the 
light availability are also not known. One aspect of 
bacteriochlorophyll c biosynthesis that has seen some 
progress is the attachment of the esterifying tail. In 
Chloroflexus, two related enzymes are found, one 
that attaches the phytol tail to form BChl a and the 
other that attaches the tail to form BChl c (Lopez et 
al., 1996; Schoch et al., 1999). These are coded for 
by the bchG and bchG2 genes, respectively. 

Evidence is now overwhelming that the pigments 
in chlorosomes are organized into pigment oligomers, 
in which the pigments are in direct van der Waals 
contact and proteins are of secondary importance in 
determining the pigment geometry (Blankenship et 
al., 1 995). The structures of the BChl c type pigments 
clearly lend themselves to self-aggregation. The OH 
group on ring A has been implicated in the formation 
of a variety of aggregated species in vitro. The lack 
of the bulky carboxymethyl substituent on ring E 
permits them to pack together more closely than 
other chlorophylls or bacteriochlorophylls (Oba and 
Tamiaki, 1999). There is a large literature on 
aggregation properties of BChl c and related 
pigments, which is reviewed in Blankenship et al. 
(1995). 

Carotenoids are also present in all chlorosomes as 
light-harvesting pigments and quenchers of the triplet 
state of bacteriochlorophylls. In Chlorobium species, 
the molar ratio of carotenoids to BChl c is around 
1/10 (Table 2)(Frigaard et al., 1997). In BChl e 
containing species such as Chlorobium phaeo- 
bacteroides, a broad absorption band around 520 nm 
is observed and has been suggested to be due to 
carotenoids. However, the effects of inhibiting 
carotenoid biosynthesis (Arellano et al., 2000b) or 
extracting carotenoids by organic solvents (Cox et 
al., 1998), and comparisons with the spectra of 
aggregates of extracted BChl e (Smith et al., 1983, 
Saga et al., 2001) indicate that this band reflects an 
aggregated form of BChl e. In Chloroflexus 
chlorosomes, the molar ratio of carotenoids to BChl 
c is more than 1/5. Although a part of the carotenoids 
are carotenoid glucoside and carotenoid glucoside 
with fatty acids, which are suggested to be present in 
chlorosome envelope (Tsuji et al., 1995, Takaichi et 
al., 1 995), the molar ratio of hydrophobic carotenoids 
(^-carotene and y-carotene) to BChl c is still about 1/ 
5 after extensive washing of chlorosomes with SDS 
to remove the envelope and baseplate components 
(Tsuji et al., 1995). 
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Table 2. Estimated Chemical Composition of Typical Chlorosomes (% Dry weight) 

BChl c BChl a carotenoids quinones other lipids protein 
Chloroflexaceae (Green non sulfur) 43 2 8 5 13 30 

Chlorobiaceae (Green sulfur) 54 0.2 4 3.8 11 27 

The composition was estimated from the data in Frigaard et al. (1997), Holo et al. (1985) and Schmidt (1980). 
Note that preparations used for each study were different in strains, growth conditions, and preparation methods. 
Other components, which are not known as definite components so far, were assumed to be zero. 



II. Chlorosome Structure, Pigment 
Stoichiometry and Protein Content 

A. Overall Chlorosome Structure, Composition 
and Preparation 

The structures of chlorosomes from the two families 
of green bacteria are generally similar (Fig. 1), with 
a flattened ellipsoidal shape of dimensions 100 to 
200 nm long, 30 to 70 nm wide and 10 to 12 nm thick 
(Oelze and Golecki, 1995; Staehelin et al, 1978, 
1980). The smaller dimensions apply to the green 
nonsulfur bacteria, while the chlorosomes from the 
green sulfur bacteria are larger in all dimensions. 
Internal rod-like features 5-10 nm in diameter are 
observed. Several models have appeared that propose 
detailed molecular structures of the oligomers packing 
together to form the rods visualized by electron 
microscopy (Matsuura et al., 1993; Holzwarth and 
Schaffher, 1 994; Nozawa et al., 1 994; Novoderezhkin 
and Fetisova, 1997; van Rossum et al., 2001). 

Each chlorosome has been estimated to contain 
roughly 10,000 molecules of BChl c (Olson, 1980a, 
1998), although a direct measurement of this number 
was apparently not made. Recent measurements using 
single molecule fluorescence techniques and dynamic 
light scattering in chlorosomes of Chlorobium 
tepidum have found approximately 250,000 BChl c 
per chlorosome (Montano et al., 2001b). In addition 
to the BChl c (d or e), chlorosomes contain a much 
smaller amount of BChl a, with the precise values 
depending on the species and growth conditions 
(Oelze and Golecki, 1995), together with proteins, 
glycolipids, BChl a, carotenoids and quinones. The 
relative contents of these additional components are 
indicated in Table 2. 

The inside of the chlorosomes is thought to be 
very hydrophobic and the currently accepted view is 
that the chlorosome is surrounded by a lipid 
monolayer that consists mainly of monogalactosyl 
diglyceride (MGDG) with the hydrocarbon tails 



pointed toward the interior of the chlorosome and the 
polar head groups pointed to the chlorosome surface. 
In addition, chlorosomes contain a number of proteins 
that are all thought to be localized in the envelope 
(see below). 

Chlorosomes can be detached from the cytoplasmic 
membranes by using chaotropic agents such as 2 M 
NaSCN, (Gerola and Olson, 1 986) or some detergents 
(Feick and Fuller, 1984). Isolated chlorosomes are 
generally stable, and maintain their overall structure 
as well as their light-harvesting function. 

B. Pigment Organization in Chlorosomes 

The far-red absorption spectrum of BChl c in the 
chlorosomes is red-shifted some 70-80 nm with 
respect to that of monomeric BChl c in organic 
solvents, reflecting the specific organization of the 
pigments. The pigment organization of BChl c is 
unique among all photosynthetic systems, since the 
pigments are not bound to proteins but aggregated by 
themselves to create the higher, functional structure. 
The spectral red shift is caused by the chromophore- 
chromophore interactions among BChl c molecules 
rather than pigment-protein interactions. 

A. A. Krasnovsky first proposed the concept of 
aggregated pigments as models for pigment 
organization in chlorosomes of green bacteria. 
(Krasnovsky and Pakshina, 1959; Bystrova et al., 
1979; Krasnovsky and Bystrova, 1980). This 
pioneering work clearly established many of the 
basic features of chlorosomes, which have been 
confirmed and extended (and sometimes redis- 
covered!) by later workers. 

The following pieces of evidence support the 
concept of the protein- free organization of BChl c. 
First, BChl c in non-polar solvents can form 
aggregates whose spectra resemble those of 
chlorosomes. For reviews of these properties see 
Blankenship et al., ( 1 995), Tamiaki ( 1 996) and Olson 
(1998). BChl c has the ability to form oligomers 
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through the ligation of an oxygen atom in one 
molecule to the central magnesium atom in another 
molecule. Protein-free pigment-lipid aggregates 
resembling chlorosomes in various aspects also can 
be formed in the aqueous phase with BChl c and 
galactolipids (Hirota et al, 1992ab; Miller et ah, 

1993) . Second, proteins can be extracted from 
chlorosomes with SDS without affecting the spectral 
properties of the BChl c (Griebenow et al., 1989, 
1991; Holzwarth et al., 1990a). By contrast, the 
aggregated spectral form of BChl c can be converted 
reversibly to the monomeric form by hexanol in 
intact chlorosomes (Brune et al., 1987; Matsuura 
and Olson, 1990; Zhu et al., 1995). Finally, proteins 
have been shown to be located only in the chlorosome 
envelope and not in the hydrophobic interior (Wullink 
etal., 1991; Chung and Bryant, 1996), and no proteins 
have been unambiguously shown to be BChl c- 
binding proteins. 

The organization of BChl c {d or e) oligomers to 
form higher-order structures also appears to be based 
on protein-free self aggregation of the pigments. In 
native chlorosomes, the excitation transition dipoles 
of BChl c {d or e) are highly ordered with respect to 
the long axis of the ellipsoidal chlorosomes, based 
on linear dichroism and fluorescence polarization 
measurements (Betti et al., 1982; Fetisova et al., 
1986, 1988; Griebenow et al., 1991; Mimuro et al., 

1994) . A similar higher organization of pigments 
was observed in protein- free pigment-lipid aggregates 
in the aqueous phase (Hirota et al., 1992ab). When 
the aggregates were embedded in a polyacrylamide 
gel and the gel was elongated in one direction to 
orient the particles, a large linear-dichroism signal 
resembling that of native chlorosomes was observed. 
This observation strongly suggests that a higher- 
order structure of BChl c (d or e) in chlorosomes, 
which probably corresponds to the rod structure 
observed in the electron microscope, is also formed 
without the involvement of proteins. 

Understanding the detailed structural arrangement 
of the bacteriochlorophyll c pigments in the 
chlorosome has been a subject of intense inves- 
tigation. Unfortunately, crystals of chlorosomes or 
aggregated BChl c have not yet been obtained so an 
X-ray structure has not been possible. An X-ray 
structure of dimers of a model compound of BChl d 
has been described (Barkigia et al., 1997), but this 
dimer does not have any interactions between the 3 *- 
hydroxyethyl substituent and the central metal (Zn in 
this compound). These interactions are well 
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established by spectroscopic analyses, so this dimer 
does not appear to be a building block of the larger 
aggregates that are found in chlorosomes. Perhaps 
the most direct experimental method that has been 
applied to determine the structure of the pigments in 
aggregates is solid state NMR (Nozawa et al., 1994; 
Balaban et al., 1995; Mizoguchi et al., 1998, 2000; 
Wang et al., 1999; van Rossum et al., 2001). 

C. Proteins in Chiorosomes 

Although proteins now are not considered to be 
involved in the basic organization of BChl c in 
chlorosomes, it is also true that proteins are important 
components in chlorosomes. The sizes, sequences, 
and locations of chlorosomal proteins have been 
extensively studied, but the functions of these proteins 
are not known except in the case of the CsmA 
protein, which has recently been shown to be the 
BChl a-binding baseplate protein in Chloroflexus 
chlorosomes (see below). 

Isolated chlorosomes from Cf. aurantiacus contain 
three major proteins, CsmA, CsmN and CsmM, with 
apparent molecular masses of 3.7, 1 1 and 18 kDa, as 
well as a minor component of 5.8 kDa (Feick and 
Fuller, 1984; Bryant, 1994). The amino acid sequence 
of CsmA has been chemically determined (Wechsler 
et al., 1985a) and the true mass is 5.7 kDa, which is 
in agreement with the deduced mass from the 
sequence of the csmA gene encoding this protein 
(Theroux et al., 1990). The genes for CsmN and 
CsmM also have been isolated and sequenced 
(Niedermeier et al., 1994) and the two polypeptides 
are 145 and 97 amino acids long and have true 
molecular massesof 15.5 and 10. 8 kDa, respectively. 
These chlorosomal proteins are located in the lipid 
envelope, as demonstrated by gold labeling electron 
microscopy (Wullink et al., 1991). 

In chlorosomes of green sulfur bacteria, Chung et 
al, ( 1 994) found ten different polypeptides and Chung 
and Bryant (1996) identified five proteins as CsmA, 
CsmB, CsmC, CsmD, and CsmE as both genes and 
polypeptides. All of these five polypeptides are 
components of the chlorosome envelope by protease 
susceptibility mapping and agglutination experiments 
with isolated chlorosomes. No proteins have been 
shown to be located in the hydrophobic interior of 
chlorosomes. An additional five polypeptides were 
identified as CsmF, CsmH, CsmI, CsmJ, and CsmX 
and were also suggested to be envelope proteins 
(Vassilieva et al., 2000). Recent results by Vassilieva 
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et al. (200 1 ) indicate that CsmI and CsmJ, and possibly 
also CsmX, contain FeS centers. The functions of 
these FeS centers are not yet known, but may possibly 
relate to the redox regulation of energy transfer in 
green sulfur bacteria described in Section III. Among 
all the known chlorosome proteins, CsmA is the only 
polypeptide that has significant similarity between 
green sulfur bacteria and Chloroftexus. 

The CsmA protein was originally suggested to be 
involved in BChl c organization in chlorosomes of 
Cf. aurantiacus (Feick and Fuller, 1984; Wechsler et 
al., 1985a; Niedermeier et al., 1992; Lehmann et al., 
1994a,b) and the green sulfur bacteria (Wagner- 
Huber et al., 1988, 1991). This was primarily based 
on the facts that CsmA is the most abundant protein 
in the chlorosomes and that the characteristic 
absorption band of BChl c around 740 nm is 
significantly decreased following proteolytic 
digestion of this protein. In a proposed model seven 
BChl c molecules coordinate to glutamine and 
asparagine residues (Wechsler etal., 1985a). However, 
proteins from several green sulfur bacteria that are 
similar to the CsmA protein were sequenced and 
none of the seven putative BChl c binding residues 
was found to be conserved (Wagner-Huber, 1988; 
Chung et al., 1994). The suggestion that the CsmA 
protein is a BChl c-binding protein has been replaced 
by the currently accepted view that BChl c in 
chlorosomes is organized by self-aggregation without 
proteins. 

Chung et al. (1998) inactivated the csmA gene in 
the green sulfur bacterium Chlorobium vibrioforme 
and found that CsmA is required for the viability of 
the cells. CsmC, on the other hand, was found to be 
dispensable. The absence of CsmC caused a small 
red shift in the near-infrared absorption maximum of 
BChl d in whole cells and chlorosomes, but 
chlorosomes were assembled and could be isolated. 
The doubling time of the CsmC-deficient mutant 
was approximately twice that of the wild-type strain. 
Fluorescence emission measurements suggested that 
energy transfer from the bulk BChl d to another 
pigment, perhaps BChl a, emitting at 800-804 nm, 
was less efficient in the mutant cells lacking CsmC 
than in wild-type cells. 

The functions of none of the chlorosomal proteins 
are known, with the exception of the CsmA protein, 
described below. Clearly, more research is needed to 
elucidate their functions. It is likely that some of 
these proteins are involved in chlorosome assembly. 



D. The Chlorosome Baseplate 

All chlorosomes contain a small amount of BChl a 
that absorbs at approximately 795 nm (Schmidt, 
1980; Betti et al., 1982; Feick and Fuller, 1984; 
Gerola and Olson, 1986). In the green nonsulfur 
bacteria, the amount of this ‘baseplate’ BChl is about 
1 :20 compared to BChl c (Table 2). The green sulfur 
bacteria contain much less of this component. 
Sometimes it is difficult to observe in absorption 
spectra, but it is always apparent in fluorescence 
spectra of isolated chlorosomes (Causgrove et al., 
1990). The excitation energy of the baseplate BChl 
is intermediate between the energies of the 
chlorosome and membrane chromophores, and the 
baseplate is almost certainly physically located at the 
interface between these two pigment pools, although 
this has not been shown directly. The nature of the 
baseplate is discussed below. 

The minor Mr 5.8 kDa protein in Chloroflexus 
chlorosomes, whose sequence is still not known, was 
originally proposed as the binding site of the 795 nm 
baseplate BChl a that forms the link between the 
chlorosome and the membrane-associated pigment- 
proteins (Feick and Fuller, 1984). However, recent 
results (discussed below) (Sakuragi et al, 1999; 
Montano et al., 2001a) clearly indicate that the 5.7 
kDa CsmA protein forms the pigment-protein in the 
baseplate. 

A specific BChl a-protein (795 nm) has been 
postulated in the envelope of chlorosomes as the 
baseplate to mediate energy transfer from BChl c to 
the FMO protein in green sulfur bacteria (Gerola and 
Olson 1986) and to the LH protein in Chloroflexus, 
The Qy absorption band of BChl a in the baseplate 
has a maximum at 795 nm, which is red shifted 25 
nm compared to that of the monomeric form of this 
pigment in methanol, probably due to the pigment- 
protein interaction. 

The baseplate complex in Cf. aurantiacus is clearly 
a pigment-protein complex, based on its spectroscopic 
properties and its sensitivity to protease digestion, 
SDS treatment, alkaline treatment (van Walree et al, 
1999) and heating (Y. Zhu, D. Smith and R. E. 
Blankenship, unpublished). However, the most 
convincing evidence comes from the recent 
biochemical studies by Sakuragi et al. (1999) and 
Montano et al., (2000), which conclusively establish 
the CsmA protein as part of the baseplate. Based on 
a series of experiments with proteolytic digestion, 
alkaline treatment and a treatment using hexanol. 
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sodium cholate and Triton X-100, it was strongly 
suggested that BChl a is associated with the CsmA 
protein in Cf. aurantiacus (Sakuragi et al., 1999). 
Following that study, the baseplate protein was 
isolated as the complex of the CsmA protein, BChl a 
and carotenoid (Montano et ah, 2001a). 

A surprising finding in these studies is that there is 
a large amount of jS-carotene in the purified baseplate 
preparation, with an estimated stoichiometry of 2-3 
/3-carotene per BChl a. In addition, a previously 
unreported long-wavelength pigment form absorbing 
at 865 nm was found in the purified baseplate. 
Biochemical and spectroscopic evidence suggests 
that this band is not due to contamination from the 
B808-865 integral membrane antenna complex. 
Purification of the baseplate complex from green 
sulfur bacteria has not yet been reported. 

The localization of the chlorosomal proteins has 
been investigated in chlorosomes from Cf. auran- 
tiacus by immunogold labeling electron microscopy 
by Wullink et al. (1991). Their results suggested that 
CsmA is located in the chlorosome envelope, mainly 
on the side distal to the cytoplasmic membrane. 
Considering the function of BChl a as the mediator 
of excitation energy from BChl c in chlorosomes to 
the reaction centers in the cytoplasmic membranes, 
BChl a in chlorosomes and its associated protein are 
expected to be located at the region in contact with 
the cytoplasmic membrane. The immunolocalization 
findings are therefore surprising. A possible 
explanation for the apparent contradiction is that the 
location of CsmA might not be restricted to the 
attachment site of the chlorosome to the cytoplasmic 
membrane, or the arrangement of the chlorosome 
attachment site may have been distorted during cell 
breakage when the chlorosome preparations were 
made. More structural studies of the location of 
various chlorosome proteins are needed. 

As described above, CsmA from green sulfur 
bacteria has a significant sequence homology to that 
from Chloroflexus . Two regions with sequences of 
G-H-W and I-N-R/Q-N-A-Y are highly conserved 
(Wagner-Huber et al., 1988; Wagner-Huber et al., 
1991). The estimated molar ratio of BChl a to CsmA 
in Cb. tepidum was comparable to the ratio estimated 
in Cf aurantiacus (Sakuragi et al., 1999). Therefore, 
it is reasonable to postulate that the CsmA protein is 
also involved in the BChl a organization in 
chlorosomes of green sulfur bacteria. 

The conserved histidine residue in the CsmA 
protein is a very suitable candidate as a BChl a 
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ligand, as seen in the FMO protein (Tronrud et al, 
1986; Lietal., 1997) as well as in other photosynthetic 
proteins including reaction centers and light- 
harvesting systems in purple bacteria. 



III. Redox-Dependent Regulation of Energy 
Transfer in Chlorosomes 

A. Redox Regulation in Green Bacteria 

A variety of lines of evidence suggest that a redox- 
dependent regulation of energy transfer occurs in 
green sulfur bacteria. Early work showed that the 
fluorescence emission intensity of green sulfur 
bacterial antennas is highly dependent on redox 
potential, which is not typical behavior of isolated 
photosynthetic antenna complexes (Karapetyan et 
al., 1980; van Dorssen et al., 1986a). Later work 
suggested a specific redox-activated regulation of 
energy transfer in the green sulfur bacteria 
(Blankenship et al, 1990, 1993; Wang et al, 1990). 
This effect appears to involve a direct chemical 
titration of redox groups in the chlorosome antennas, 
and is observed in whole cells, isolated membranes 
and purified chlorosomes. There is no indication of 
phosphorylation in this system, as the effect is easily 
observed in purified systems with no phosphorylation 
substrates present. In the oxidized form, the redox 
groups efficiently quench excited states in the antenna 
system, reducing the overall energy transfer efficiency 
from nearly 100% to 10% or less. Redox titrations of 
fluorescence in isolated chlorosomes gave a pH- 
dependent midpoint potential of -146 meV versus 
the normal hydrogen electrode (Blankenship et al, 
1993). Additional work revealed a similar redox 
modulation in the isolated Fenna-Matthews-Olson 
(FMO) protein that underlies the chlorosome (Zhou 
et al, 1994). The effect therefore operates on at least 
two levels, within the chlorosome itself and in the 
FMO protein. Whether these two effects have similar 
molecular mechanisms is not yet clear. Recent work 
has provided a likely molecular mechanism involving 
quinones for the redox control effect in chlorosomes. 
This is discussed in more detail in the next section. 

Do these redox effects on the antenna system 
reflect a real cellular control mechanism? Such an 
effect could serve to protect the cell from transient 
exposure to oxidizing conditions, in particular to 
oxygen. The green sulfur bacteria contain a reaction 
center that has very low-potential iron sulfur centers 




Chapter 6 Green Photosynthetic Bacteria 

as early acceptors and reduces ferredoxin directly in 
a manner similar to Photosystem I (Feiler and Hauska, 
1995). The reduced ferredoxin diffuses freely in the 
cytoplasm and is utilized in the cell’s carbon reduction 
cycle, which is a reverse TCA cycle (Buchanan and 
Arnon, 1990; Sirevag, 1995). The reduced ferredoxins 
will readily react with oxygen to form superoxide, 
which leads to a variety of damaging photooxidative 
products. By preventing charge separation under 
oxygenic conditions by quenching excitations in the 
antenna system, green bacterial cells avoid producing 
these toxic substances. Thus, they appear to have a 
system that permits them to survive transient 
exposures to oxygen without incurring irreversible 
cellular damage. While this proposed mechanism of 
cellular protection is appealing in many ways, it has 
not been directly demonstrated and remains an area 
in need of further study. 

Green sulfur bacteria are found in a variety of 
environments, often just below the chemocline in 
stratified lakes (Triiper and Pfennig, 1992; Ormerod, 
1992). The chemocline is the transition between the 
oxygenated water near the surface and the anaerobic 
water deeper in the lake. Sulfide levels are very low 
above the chemocline and higher below it. The 
chemocline represents the transition from oxidizing 
to reducing conditions. Under these conditions cells 
will be exposed occasionally to moderate oxygen 
levels and a mechanism that provided even partial 
protection from oxidative damage would be of 
enormous adaptive advantage. 

The redox effects are missing in whole cells and 
are much diminished in isolated chlorosomes of the 
green nonsulfur bacterium Chloroflexus aumntiacus 
(Wang et al., 1990; Frigaard and Matsuura, 1999). 
Chloroflexus has an entirely different physiology and 
ecology with respect to oxygen. Chloroflexus usually 
lives in close proximity to cyanobacteria, and 
therefore is often under aerobic, even hyperoxic 
conditions (Pierson and Castenholz, 1992; Ormerod, 
1992). If the same redox control mechanism that is 
found in the green sulfur bacteria were present in 
Chloroflexus, it would severely limit their ability to 
carry out photosynthesis under aerobic conditions. 
However, Chloroflexus is not vulnerable to oxidative 
damage in the same way that the green sulfur bacteria 
are, because its reaction center does not directly 
reduce ferredoxin. Its carbon reduction cycle, while 
not fully understood, clearly does not involve free 
ferredoxin as does the reverse TCA cycle (Sirevag, 
1995). Therefore, a redox modulation effect similar 
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to that found in the green sulfur bacteria would 
provide no selective advantage for Chloroflexus, and 
actually would prevent them from carrying out 
photosynthesis under most natural conditions. 

6. Quinones: A Newly Found Component in 
Chlorosomes 

Isoprenoid quinones were recently found to occur in 
chlorosomes (Frigaard et al., 1997). Chlorosomes of 
Chlorobium tepidum contain significant amounts of 
chlorobiumquinone (f -oxomenaquinone-7) and 
menaquinone-7 (MK-7). The molecular structures 
of these quinones are shown in Fig. 3. MK-10 is 
present in chlorosomes of the green filamentous 
bacterium Chloroflexus aurantiacus (Frigaard et al., 
1997). The molar ratio of total quinone to BChl c in 
the chlorosomes is approximately 1:10 (Table 2). 
Most of the chlorobiumquinone and part of the MK-7 
in the green sulfur bacteria Chlorobium tepidum and 
Chlorobium phaeobacteroides are located in the 
chlorosomes (Frigaard et al., 1997). 

Chlorobiumquinone and MK-7 are the major 
isoprenoid quinones in many species of green sulfur 
bacteria and probably are present in all representatives 
of this group (Imhoff and Bias-Imhoff, 1995). 
Chlorobiumquinone was detected in green sulfur 
bacteria more than 30 years ago and was proposed to 
be involved in photosynthetic electron transfer; but 
little was known about its function or intracellular 
location (Frydman and Rappaport, 1963; Fowls et 
al., 1968; Redfearn and Fowls, 1968; Fowls and 
Redfearn, 1969). Chlorobiumquinone has not been 
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Fig. 3. Molecular structures of menaquinone-7 (MK-7) and 
chlorobiumquinone (CK) found in green sulfur bacteria. 
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found in any group of organisms other than green 
sulfur bacteria. 

Isoprenoid quinones are very hydrophobic and 
presumably are located in the interior of the 
chlorosomes rather than in the chlorosome envelope. 
This was confirmed by SDS treatment of chloro- 
somes, which extracts envelope components without 
affecting the BChl c organization in the hydrophobic 
interior (Frigaard et al., 1998). SDS does not extract 
any quinones from chlorosomes of either Cb. tepidum 
or Cf. aurantiacus . 

To identify the redox species that quenches 
fluorescence, a pigment-lipid aggregate consisting 
of BChl c and galactolipid in aqueous solution was 
used (Frigaard et al., 1997). The redox effect on 
BChl c emission in the BChl c-galactolipid aggregates 
was small, but was enhanced if chlorobiumquinone 
was added before the aggregates were made. Oxidized 
chlorobiumquinone was suggested to act as the 
quencher of BChl c fluorescence. 

Although chlorobiumquinone is an effective 
quencher, other quenchers may also be important. 
Menaquinones are also present in chlorosomes of 
green sulfur bacteria and show a quenching effect in 
the BChl c-galactolipid aggregates. Menaquinone is 
the sole quinone component in Chloroflexus 
chlorosomes as described above, and small redox 
effects on the fluorescence intensity can be observed 
in Chloroflexus chlorosomes. Even in the absence of 
quinones, BChl c-galactolipid aggregates show redox- 
dependent fluorescence changes. Van Noort et al. 
(1997) have described redox effects on excited-state 
lifetimes in BChl c oligomers in hexane. From EPR 
measurements on reduced and oxidized samples, 
BChl c radicals in the oxidized BChl c oligomers 
were suggested to act as quenchers. 

The presence of the different quenching mechan- 
isms was also observed when freeze-dried chloro- 
somes from Cb. tepidum were extracted with hexane 
to remove carotenoids, BChl a and quinones. The 
BChl c aggregates remained intact in the hexane- 
extracted chlorosomes as judged from the absorption 
spectrum, but the BChl c fluorescence under oxidizing 
conditions increased 3-fold and the ratio of the BChl c 
fluorescence under reducing conditions to the 
fluorescence under oxidizing conditions (F^^^/F^^) 
decreased from 40 to about 3. The extracted 
components are thus not necessary for BChl c 
aggregation but are likely to be involved in formation 
of a redox-dependent excitation quencher. The 
Fq^ ratio in BChl c-galactolipid aggregates in an 
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aqueous buffer also is about 3 (Frigaard et al., 1997; 
van Noort et al., 1997). Thus, a F^^^/F^^ ratio of about 
3 is probably a property of pure BChl c aggregates. 
This value is also close to the BChl c Fj.gj/F^^ ratio 
found in Chloroflexus chlorosomes and hexanol- 
treated Chlorobium chlorosomes. 

As described above, the midpoint potential {E^ of 
the major fluorescence quenching in chlorosomes 
from Chlorobium vibrioforme is approximately -1 50 
mV at pH 7 (one-electron reaction) and decreases by 
60 mV per pH unit, indicating that one proton is 
taken up along with the electron (Blankenship et al., 
1990, 1993). This is significantly lower than the 
E^ of chlorobiumquinone in ethanol, 39 mV at pH 7 
(Redfearn and Fowls, 1968). However, the E^ values 
of the quinones in ethanol refer to a two-electron 
reaction whereas the E^ of chlorosomal fluorescence 
quenching refers to a one-electron reaction. The 
chlorobiumquinones in the chlorosomes may be 
located in a specific environment where they interact 
with aggregated BChl c. It is possible that the E^ of 
chlorosomal fluorescence quenching reflects the E^ 
of a semiquinone/oxidized quinone couple or of a 
chlorobiumquinone-BChl c radical complex. A 
function of the T-oxo group in the chlorobium- 
quinone molecule may be to stabilize such a 
semiquinone or a complex species. 

The physiological significance of the fluorescence 
quencher on energy transfer from chlorosomes to the 
reaction center was directly shown from flash-induced 
electron transfer reactions (Frigaard and Matsuura 
1999). The primary electron donor to the reaction 
center in green sulfur bacteria is a bound cyto- 
chrome c. Light energy absorbed by the BChl c 
antenna is transferred to the reaction center via 
baseplate BChl a and FMO proteins. Measurements 
of flash-induced cytochrome c oxidation in whole 
cells of Cb. tepidum showed that energy transfer 
from the BChl c was highly inhibited under aerobic 
conditions. When BChl c was selectively excited, the 
half-saturation light intensity for cytochrome c 
photooxidation increased about 30-fold under aerobic 
conditions compared to anaerobic conditions (Fig. 
4a). Such a redox effect was not observed when BChl 
a (mainly in FMO proteins) was excited (Fig. 4b). 
Thus, the fluorescence quenching mechanism in 
chlorosomes of green sulfur bacteria regulates energy 
transfer from the major light-harvesting pigment to 
the reaction center. 

Although Chloroflexus chlorosomes also show a 
small fluorescence quenching under oxidizing 
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C. tepidum 700-760 nm C. aurantiacus 700-760 nm 





Fig. 4. Effects of environmental redox states on energy transfer from chlorosomes to the reaction center measured by flash-induced 
oxidation of cytochrome c as a function of flash intensity, (a) Chlorobium tepidum cells excited at 700-760 nm (wavelengths absorbed 
by chlorosomes) under aerobic or anaerobic conditions, (b) Chlorobium tepidum cells excited at 810-880 nm (wavelengths absorbed by 
FMO proteins and the reaction centers), (c) Chloroflexus aurantiacus cells excited with light absorbed by chlorosomes. (d) Chloroflexus 
aurantiacus cells excited under aerobic conditions with light absorbed by chlorosomes in the presence and absence of externally added 
5-hydroxy- 1 ,4-naphthoquinone. 



conditions as described above, cytochrome c 
photooxidation was not affected by the transition 
from anaerobic to aerobic conditions even when 
BChl c was excited (Fig. 4c). This means that the 
redox-dependent change in the fluorescence intensity 
in Chloroflexus chlorosomes is independent of the 
energy flow from chlorosomes to the reaction center. 
However, the addition of low concentrations of certain 
quinones (e.g. 5 -hydroxy- 1,4-naphthoquinone) to 
Chloroflexus cells under aerobic conditions induces 
a quenching of the BChl c fluorescence and inhibits 
photosynthetic electron transfer when BChl c is 
specifically excited (Fig. 4d) (Frigaard et al., 1999). 
Addition of quinones thus causes the chlorosomal 
energy transfer in Chloroflexus aurantiacus to exhibit 
a sensitivity to O 2 similar to that observed in green 
sulfur bacteria. To have a large quenching effect the 



quinone must be sufficiently hydrophobic and have a 
carbonyl or hydroxyl group in the alpha position to 
one of the quinone oxygen atoms (Frigaard et al., 
1999; Tokita et al., 2000). Sinee chlorobiumquinone 
(F-oxomonaquinone-V) has such a structure, it is 
highly probable that chlorobiumquinone is the 
physiological quencher that mediates the regulation 
of energy transfer from BChl c to the reaction center 
in green sulfur bacteria. 

IV. Fenna-Matthews-Olson Protein 

A water-soluble protein that contains BChl a was 
isolated and extensively characterized by John Olson 
and co-workers (Olson, 1966, 1978, 1980a,b, 1998). 
The X-ray structure of this protein was determined 
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by Roger Fenna and Brian Matthews (Fenna and 
Matthews, 1975; Matthews et al, 1979; Matthews 
and Fenna, 1980; Tronrud et al, 1986; Tronrud and 
Matthews, 1993). The protein has come to be known 
as the Fenna-Matthews-Olson or FMO protein, 
although it is also often called the BChl a protein. 
The FMO protein was the first chlorophyll-containing 
protein to have its structure determined. Much of 
what we know about how chlorophyll-type pigments 
interact with proteins has been learned from studies 
of this protein. 

The structure of the FMO protein has been 
determined from two species of green sulfur bacteria, 
Prosthecochloris aestuarii 2K and Chlorobium 
tepidum (Tronrud et al., 1986, 1993; Li et al., 1997). 
Figure 5 shows the structure of the FMO protein 
from Chlorobium tepidum. The FMO protein consists 
of primarily j&-sheet secondary structure, with 17 
/3-sheets wrapped into a ‘taco shell’ structure. Seven 
molecules of BChl a are inside the shell. Each BChl a 
molecule has a unique binding site within the protein 
so that they are all inequivalent. Five of them are 
coordinated to histidine residues, one to a backbone 
carbonyl and one to a structured water molecule. The 
protein has a trimeric quaternary structure, with a 
threefold axis of symmetry in the center of the 
complex. The subunits are held together primarily by 
salt linkages and other polar interactions (Li et al., 
1997). 

The FMO protein has been studied intensely by 
spectroscopic (Philipson and Sauer, 1972; Johnson 
and Small, 1991; Savikhin and Struve, 1 994; Savikhin 
et al., 1994b, 1997,1998; van Mourik et al., 1994; 
Reddy et al., 1995; Freiberg et al., 1997; Louwe et 
al., 1997a,1998;Vultoetal., 1997, 1998a; Frankenet 
al., 1998; Ratsep et al, 1998, 1999; Matsuzaki et al., 
2000; Wendling et al., 2000) and theoretical methods 
(Pearlstein, 1992; Giilen, 1996; Louwe etal., 1997b; 
Vulto et al., 1998b, 1999; Renger and May, 1998; 
Iseri and Giilen, 1999; Owen and Hoff, 2001). In 
pioneering early theoretical work, Pearlstein and 
coworkers (Pearlstein and Hemenger, 1978; Whitten 
et al., 1980; Pearlstein, 1992; Lu and Pearlstein, 
1993) estimated the strength of the exciton coupling 
among the pigments both within a protein monomer 
and between monomers in the trimeric complex and 
proposed that the lowest energy pigment is pigment 
#7 in the Fenna and Matthews numbering system. 
Attempts to simulate the absorption and CD spectra 
of the FMO complex were only partially successful. 

The view of the electronic properties of this well- 
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studied complex has changed dramatically in the 
past several years. The lowest energy BChl is now 
almost conclusively identified as #3. In addition, the 
strength of excitonic coupling among the seven 
pigments is now considered to be weaker than was 
previously thought, so that some of the near IR 
absorption transitions are largely localized on a single 
molecule instead of primarily delocalized over several 
molecules (Louwe etal., 1997a,b; Vulto etal., 1998b; 
Iseri and Giilen, 1999). 

FMO complexes have been isolated from a number 
of green sulfur bacteria and all appear to be highly 
similar, although subtle spectral differences are foun4 
especially in the low temperature absorption and CD 
spectra (Francke and Amesz, 1997). The precise 
structural differences that lead to these spectral 
differences are not yet understood. The amino acid 
sequences of the FMO proteins from Prosthecochloris 
aestuarii 2K and Chlorobium tepidum are 78% 
identical (Daurat-Larroque et al., 1986; Dracheva et 
al., 1992). 

The FMO protein is thought to be located between 
the chlorosome and the cytoplasmic membrane. 
Electron microscopic studies have revealed a 
paracrystalline array with periodicity of 6 nm 
(Staehelin et al., 1980). However, the characteristic 
trimeric structure of the FMO was not resolvable in 
these studies and whether this crystalline array is 
actually the FMO protein has not been directly 
demonstrated with immunolabeling. The quantitative 
information now available suggests that it may not be 
the FMO protein (Remigy et al., 1999; Permentier et 
al, 2000). 

Linear dichroism spectroscopy was used to 
demonstrate that the threefold symmetry axis of the 
trimeric FMO complex is oriented perpendicular to 
the surface of the membrane, so that the disk-like 
complex lies flat on the membrane (Melkozernov et 
al, 1998). This arrangement is consistent with 
electron microscopy studies of the isolated reaction 
center complex from Chlorobium tepidum, which 
has associated FMO protein (Remigy et al, 1999). 
These studies as well as biochemical analysis 
(Permentier et al, 2000) suggest that two FMO 
molecules are tightly associated with each reaction 
center complex. It is thus surprising that the FMO 
protein is readily isolated from green sulfur bacteria 
under relatively mild conditions. This raises the 
possibility that there are two distinct pools of FMO 
protein, one tightly associated with the reaction center 
and one that is not. The Cb. tepidum genome contains 
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Fig. 5. Structure of the Fenna-Matthews-Olson protein from Chlorobium tepidum as determined by Li et al. (1997). (Left) Ribbon 
diagram of the structure of the trimer of the FMO protein, including protein and bacteriochlorophyll a pigments. (Right) View of the 
pigment arrangement in one subunit. The phytyl tails of the bacteriochlorophyll a molecules have been omitted for clarity. Figure 
produced from Protein Data Bank file IKS A using Web Lab Viewer from Molecular Simulations, Inc. 



only a single FMO gene (D. Bryant, personal 
communication), so there are not distinct but similar 
gene products. However, post-translational modi- 
fication of the FMO protein could cause some 
molecules to associate preferentially with the reaction 
center. More quantitative data on the amounts of 
FMO protein in cells and various biochemical 
preparations as well as more detailed biochemical 
and structural analysis of the two pools of FMO 
proteins would be useful. 

Li et al. (1997) proposed that the FMO protein is 
partially buried in the membrane and suggested, on 
the basis of somewhat different hydrophobicities of 
the two surfaces of the protein, that one side is buried 
in the membrane and the other is in contact with the 
chlorosome. However, both the membrane-associated 
and chlorosome-associated surfaces are likely to be 
hydrophobic and the hydrophobicity differences of 
the surfaces of the two sides of the trimeric protein 
complex do not differ greatly, so this assignment 
remains tentative. 

The FMO protein appears to be an essential cell 
component, as attempts to delete it genetically have 
to date proven lethal (Zhou, 1995; Hu, 2001). A 
major difficulty in constructing mutants of green 



sulfur bacteria is the fact that these organisms are 
obligate photoautotrophs (Triiper and Pfennig, 1 992) 
and if photosynthesis is significantly disrupted the 
organisms do not survive. Efforts to establish 
heterotrophic growth conditions for the green sulfur 
bacteria have so far proven unsuccessful. 



V. Kinetics and Pathways of Energy 
Transfer in Chlorosomes and Membranes 
of Green Bacteria 

The overall energy transfer pathway of green bacteria 
follows the sequence: 

BChl — > BChl ^(baseplate) 

^ BChl ^(cytopla.smic membrane or FMO) 

^ BChl ^(reaction center) 

Each successive pigment species has progressively 
red-shifted absorption and fluorescence spectra. The 
descending energy levels thus provide a Tunneling’ 
of excitations into the reaction center. Several research 
groups studied the kinetics of energy transfer by 
steady-state and time-resolved fluorescence and 
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absorption techniques, and a generally consistent 
picture has emerged. This is reviewed in van Grondelle 
et al, 1994; Blankenship et ah, 1995; Olson, 1998 
and is not considered here in detail. The data support 
a sequential energy transfer pathway from the BChl 
c {d or e) pigments in the body of the chlorosome to 
the baseplate to the membrane-bound antenna 
complexes and finally to the reaction centers. 
However, most of these measurements did not have 
high enough time resolution to reveal ultrafast 
components that have been observed in chlorosomes 
from both Chloroftexus and Cb. tepidum (Savikhin et 
al., 1994a; Savikhin et al., 1995, 1996). These 
components complicate the picture of the energy 
transfer system significantly and need to be further 
investigated. 

Because the chlorosome antenna is so large, it 
seems likely that ‘tuning’ of the pigment absorption 
into an energetic gradient within the chlorosome is 
important for ensuring that the overall efficiency of 
energy collection is high. There are now some 
indications from a variety of sources that this is 
indeed the case (Holzwarth et al., 1990b; Griebenow 
et al., 1991; Lin et al., 1991; Matsuura et al., 1993; 
Steensgaard et al., 1999, 2000). 

There have not been any reports of the kinetics of 
energy transfer from carotenoid to BChl in 
chlorosomes. Early steady-state measurements 
indicated that the efficiency of energy transfer was 
55%, although the interpretation was made that the 
carotenoid transferred energy primarily to BChl c 
(van Dorssen et al., 1986b). More recent measure- 
ments have given generally similar values of 50-80% 
(Melo et al., 2000). However, it now appears that 
there are two pools of carotenoid in chlorosomes, 
part in the main body that is expected to transfer to 
BChl c and part in the baseplate that is expected to 
transfer directly to BChl a (see above). This issue 
needs to be reinvestigated with new preparations. 
Ultrafast measurements with higher time resolution 
are needed to resolve the carotenoid-to-BChl energy 
transfer, which is usually in the femtosecond time 
regime. Recent measurements on triplet quenching 
in chlorosomes suggest that carotenoids can quench 
BChl a triplets, which supports the view that a 
significant fraction of the carotenoid is closely 
associated with the BChl a in the baseplate (Melo et 
al., 2000; Carboneraet al., 2001). Similar conclusions 
were reached by Arellano et al. (2000a) using the 
BChl e containing organism Chlorobium phaeo- 
bacterioides. 
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The kinetics and efficiency of energy transfer 
from the FMO protein to the reaction center in green 
sulfur bacteria are poorly understood. The close 
structural arrangement of FMO and reaction center, 
which most investigators agree must be present, 
suggests that there should be a rapid and efficient 
energy transfer between the two complexes. However, 
the FMO protein is unable to transfer energy to the 
reaction center in isolated FMO-RC complexes (Oh- 
oka et al., 1998; Neerken et al., 1998). One possible 
explanation of this result is that the complexes are 
somehow damaged during preparation and the relative 
geometrical arrangement disrupted so that energy 
transfer is inhibited, although the complexes are still 
tightly bound to each other. While this possibility 
cannot be ruled out, it seems unlikely, especially 
since the efficiency of energy transfer from FMO to 
reaction center also is low in subcellular membrane 
preparations (Francke et al., 1 996). Another possible 
explanation might be that the redox regulation that is 
seen in the chlorosome also occurs in the FMO 
protein (see above). It may be that the redox conditions 
of these measurements were not optimal for high 
efficiency of energy transfer. This issue remains to be 
resolved. 



VI. Conclusions and Future Work 

Our understanding of the structure and function of 
chlorosomes advanced dramatically in the last 10 
years of the 20th century. It seems clear now that the 
major light-harvesting pigment, BChl c {d or e) is 
organized into the functional structure by self- 
aggregation of pigment molecules without binding 
to proteins. The aggregate structure is unique among 
all photosynthetic antenna systems, and makes a 
very dense package of chlorophyll molecules 
possible. Redox-dependent regulation of energy 
transfer in chlorosomes of green sulfur bacteria is 
another unique characteristic. Chlorobiumquinone, 
which is found only in green sulfur bacteria among 
all organisms, is located almost solely in chlorosomes 
and is largely responsible for the redox-dependent 
energy-transfer regulation. Most chlorosomal 
proteins were sequenced and one of them, CsmA 
found in both green bacterial groups, was shown to 
bind BChl a to form the baseplate that functionally 
connects chlorosomes to the membrane. With the 
quinones and proteins, all the major components in 
chlorosomes are now identified. The FMO protein, 
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which transfers excited energy from the baseplate to 
the membrane in green sulfur bacteria, is tightly 
bound to the reaction center complex. 

In spite of the clarification of these important 
points, many problems remain to be solved. 
Information on the structure of the baseplate pigment- 
protein complex is especially needed, since this 
complex is essential for efficient energy transfer 
from the chlorosome antenna to the membrane. The 
detailed structural arrangement of BChl c molecules 
in chlorosomes also needs to be clarified. The 
observation that the chlorophyll forms in chlorosomes 
appear to be heterogeneous suggests that there may 
be a family of aggregated pigment structures that 
differ in detail. The roles of the minor BChl c forms 
in energy transfer need elucidating, and the kinetics 
of energy transfer among the various components 
must be measured and analyzed theoretically. The 
dense aggregates of large numbers of chlorophyll 
molecules could lend themselves to a physical 
mechanism of energy transfer that is unique among 
the photosynthetic antenna. 

Little is known about biosynthesis and assembly 
of chlorosomes; for example, we do not know whether 
chlorosomes can divide into daughter chlorosomes 
or are newly assembled without parent chlorosomes. 
Evolutionary relationships between chlorosomes of 
the two groups of green bacteria should be clarified 
soon based on the sequences of the whole genomes 
of representatives from both groups. The origin of 
the unique antenna, the chlorosome, also may be 
clarified in relation to the early evolution of 
photosynthesis. Industrial applications of antenna 
systems without proteins is another important field 
to be studied, and could lead to improved, or even 
radically new devices for solar energy capture. 

Acknowledgment 

We thank Dr. N.-U. Frigaard for the preparation of 
Figs. 3 and 4 and information on chlorosomal 
quinones and proteins. 

References 

Arellano JB, Melo TB, Borrego CM, Garcia-Gil J and Naqvi KR 
(2000a) Nanosecond laser photolysis studies of chlorosomes 
and artificial aggregates containing bacteriochlorophyll e: 
Evidence for the proximity of carotenoids and bacterio- 
chlorophyll a in chlorosomes from Chlorobium phaeo- 



211 

bacteroides strain CL1401. Photochem Photobiol 72: 669- 
675 

Arellano JB, Psencik J, Borrego CM, Ma YZ, Guyoneaud R, 
Garcia-Gil J and Gillbro T (2000b) Effect of carotenoid 
biosynthesis inhibition on the chlorosome organization in 
Chlorobium phaeobacteroides strain CL 1401. Photochem 
Photobiol 71: 715-723 

Balaban TS, Holzwarth AR, Schaffner K, Boender GJ, Degroot 
HIM (1995) CP-MAS C-13-nmr dipolar correlation spectros- 
copy of C- 13 -enriched chlorosomes and isolated bacterio- 
chlorophyll-c aggregates of Chlorobium tepidum — the self- 
organization of pigments is the main structural feature of 
chlorosomes. Biochemistry 34:15259-15266 

Barkigia KM, Melamed D, Sweet RM, Smith KM and Fajer J 
( 1 997) Self-assembled zinc pheoporphyrin dimers. Models for 
the supramolecular antenna complexes of green photosynthetic 
bacteria? Spectrochimica Acta A 53: 463^69 

Betti JA, Blankenship RE, Natarajan LV, Dickinson LC and 
Fuller RC (1982) Antenna organization and evidence for the 
function of a new antenna pigment species in the green 
photosynthetic bacterium Chloroflexus aurantiacus. Biochim 
Biophys Acta 680: 194-201 

Blankenship RE (1992) Origin and early evolution of 
photosynthesis. Photosynth Res 33: 91-111 

Blankenship RE, Wang J, Causgrove TP and Brune DC (1990) 
Efficiency and kinetics of energy transfer in chlorosome 
antennas from green photosynthetic bacteria. In: Baltscheffsky 
M (ed) Current Research in Photosynthesis, Vol II, pp 17-24. 
Kluwer Academic Publishers, Dordrecht 

Blankenship RE, Cheng PL, Causgrove TP, Brune DC, Wang 
SHH, Choh JU and Wang J ( 1 993) Redox regulation of energy 
transfer efficiency in antennas of green photosynthetic bacteria. 
Photochem Photobiol 57: 103-107 

Blankenship RE, Olson JM and Miller M (1995) Antenna 
complexes from green photosynthetic bacteria. In: Blankenship 
RE, Madigan MT and Bauer CE (eds) Anoxygenic Photo- 
synthetic Bacteria, pp 399-435. Kluwer Academic Publishers, 
Dordrecht 

Bobe FW, Pfennig N, Swanson KL and Smith KM (1990) Red 
shift of absorption maxima in chlorobiineae through enzymic 
methylation of their antenna bacteriochlorophylls. Biochemistry 
29: 4340^348 

Boomer SM, Pierson BK, Austinhirst R and Castenholz RW 
(2000) Characterization of novel bacteriochlorophyll-a- 
containing red filaments from alkaline hot springs in 
Yellowstone National Park. Arch Microbiol 174: 152-161 
SEP 

Brune DC, Nozawa T and Blankenship RE (1987) Antenna 
organization in green photosynthetic bacteria. I. Oligomeric 
bacteriochlorophyll c as a model for the 740 nm-absorbing 
bacteriochlorophyll c in Chloroflexus aurantiacus chlorosomes. 
Biochemistry 26: 8644-8652 

Bryant DA (1994) Gene nomenclature recommendations for 
green photosynthetic bacteria and heliobacteria. Photosynth 
Res 41: 27-28 

Buchanan BB and Amon DI (1990) A reverse Krebs cycle in 
photosynthesis — Consensus at last. Photosynth Res 24: 47-53 

Buttner M, Xie D-L, Nelson H, Pinther W, Hauska G and Nelson 
N. (1992) Photosynthetic reaction center genes in green sulfur 
bacteria and in Photosystem I are related. Proc Natl Acad Sci 
USA 89: 8135-8139 

Bystrova MI, Mal’gosheva IN and Krasnovskii AA (1979) Study 




212 

of molecular mechanism of self-assembly of aggregated forms 
of BChl c. Mol Biol (English Trans) 13: 582-594 
Carbonera D, Bordignon E, Giacometti G, Agostini G, Vianelli 
A and Vannini C (200 1 ) Fluorescence and absorption detected 
magnetic resonance of chlorosomes from green bacteria 
Chlorobium tepidum and Chloroflexus aurantiacus . A 
comparative study. J Phys Chem. B 105: 246-255 
Causgrove TP, Brune DC, Wang J, Wittmershaus BP and 
Blankenship RE ( 1 990) Energy transfer kinetics in whole cells 
and isolated chlorosomes of green photosynthetic bacteria. 
Photosynth Res 26: 39^8 

Chiefari J, Griebenow K, Balaban TS, Holzwarth AR and 
Schaffner K ( 1 995) Models for the pigment organization in the 
chlorosomes of photosynthetic bacteria — Diastereoselective 
control of in-vitro Bacteriochlorophyll-C(S) aggregation. J Phys 
Chem 99: 16194-16194 

Chung S and Bryant DA (1996) Characterization of csmB genes, 
encoding a 7.5-kDa protein of the chlorosome envelope, from 
the green sulfur bacteria Chlorobium vibrioforme 8327D and 
Chlorobium tepidum. Arch Microbiol 166:234-244 
Chung S, Frank G, Zuber H and Bryant DA (1994) Genes 
encoding two chlorosome components from the green sulfur 
bacteria Chlorobium vibrioforme strain 8327 ID and 
Chlorobium tepidum. Photosynth Res 41: 261-275 
Chung SH, Shen GZ, Ormerod J and Bryant DA ( 1 998) Insertional 
inactivation studies of the csmA and csmC genes of the green 
sulfur bacterium Chlorobium vibrioforme 8327: The 
Chlorosome protein csmA is required for viability but csmC is 
dispensable. FEMS Lett 164: 353-361 
Cogdell RJ, Isaacs NW, Howard TD, McLuskey K, Fraser NJ 
and Prince SM (1999) How photosynthetic bacteria harvest 
solar energy. J Bacteriol 181: 3869-3879 
Cox RP, Miller M, Aschenbrucker J, Ma Y-Z and Gillbro T 
(1998) The role of bacteriochlorophyll e and carotenoids in 
light harvesting in brown-colored green sulfur bacteria. In: 
Garab G (ed) Photosynthesis: Mechanism and Effects, Vol I, 
pp 149-152, Kluwer Academic Publishers, Dordrecht 
Daurat-Larroque ST, Brew K and Fenna RE ( 1 986) The complete 
amino acid sequence of a bacteriochlorophyll a-protein from 
Prosthecochloris aestuarii. J Biol Chem 261: 3607-3615 
Dracheva S, Williams JC and Blankenship RE (1992) Cloning 
and sequencing of the FMO-protein gene from Chlorobium 
tepidum. In: MurataN (ed) Research in Photosynthesis, pp 53- 
56. Kluwer Academic Publishers, Dordrecht 
Feick RG and Fuller RC ( 1 984) Topography of the photosynthetic 
apparatus of Chloroflexus aurantiacus. Biochemistry 23: 3693- 
3700 

Feick R, Shiozawa JA and Ertlmaier A (1995) Biochemical and 
spectroscopic properties of the reaction center of the green 
filamentous bacterium Chloroflexus aurantiacus. In: Blanken- 
ship RE, Madigan MT and Bauer CE (eds) Anoxygenic 
Photosynthetic Bacteria, pp 699-708. Kluwer Academic 
Publishers, Dordrecht 

Feiler U and Hauska G (1995) The reaction center from green 
sulfur bacteria. In: Blankenship RE, Madigan MT and Bauer 
CE (eds) Anoxygenic Photosynthetic Bacteria, pp 665-685. 
Kluwer Academic Publishers, Dordrecht 
Fenna RE, Matthews BW (1975) Chlorophyll arrangement in a 
bacteriochlorophyll protein from Chlorobium limicola. Nature 
258: 573-577 

Fetisova ZG, Kharchenko and Abdourakhmanov lA ( 1 986) Strong 



Robert E. Blankenship and Katsumi Matsuura 

orientational ordering of the near-infrared transition moment 
vectors of light-harvesting antenna bacterioviridin in 
chromatophores of the green photosynthetic bacterium 
Chlorobium limicola. FEBS Lett 199: 234-236 
Fetisova ZG, Freiberg AM and Timpmann KE (1988) Long- 
range molecular order as an efficient strategy for light harvesting 
in photosynthesis. Nature 334: 633-634 
Franke C and Amesz J ( 1 997) Isolation and pigment composition 
of the antenna system of four species of green sulfur bacteria. 
Photosynth Res 52: 137-146 

Franke C, Otte SCM, Miller M, Amesz J and Olson JM (1996) 
Energy transfer from carotenoid and FMO protein in subcellular 
preparations from green sulfur bacteria. Spectroscopic 
characterization of an FMO-reaction center core complex at 
low temperature. Photosynth Res 50: 71-77 
Franken EM, Neerken S, Louwe RJW, Amesz J and Aartsma TJ 
(1998) A permanent hole burning study of the FMO antenna 
complex of the green sulfur bacterium Prosthecochloris 
aestuarii. Biochemistry 37: 5046-5051 
Freiberg A, Lin S, Timpmann K and Blankenship RE (1997) 
Exciton dynamics in FMO bacteriochlorophyll protein at low 
temperatures. J Phys Chem B 101: 7211-7220 
Frigaard NU and Matsuura K (1999) Oxygen uncouples light 
absorption by the chlorosome antenna and photosynthetic 
electron transfer in the green sulfur bacterium Chlorobium 
tepidum. Biochim Biophys Acta 1412: 108-1 17 
Frigaard NU, Takaichi S, Hirota M, Shimada K and Matsuura K 
(1997) Quinones in chlorosomes of green sulfur bacteria and 
their role in the redox-dependent fluorescence studied in 
chlorosome-like bacteriochlorophyll c aggregates Arch 
Microbiol 167: 343-349 

Frigaard NU, Matsuura K, Hirota M, Miller M and Cox RP 
(1998) Studies of the location and function of isoprenoid 
quinones in chlorosomes from green sulfur bacteria. Photosynth 
Res 58: 81-90 

Frigaard N, Tokita S and Matsuura K ( 1 999) Exogenous quinones 
inhibit photosynthetic electron transfer in Chloroflexus 
aurantiacus by specific quenching of the excited bacterio- 
chlorophyll c antenna. Biochim Biophys Acta 1413: 108-16 
Frydman B and Rappaport H ( 1 963) Non-chlorophyllous pigments 
of Chlorobium thiosulfatophilum — chlorobiumquinone. J Am 
Chem Soc 85: 823-825 

Gerola PD and Olson JM (1986) A new bacteriochlorophyll 
alpha-protein complex associated with chlorosomes of green 
sulfur bacteria. Biochim Biophys Acta 848: 69-76 
Gibson J, Ludwig W, Stackebrandt E and Woese CR (1985) The 
phylogeny of the green photosynthetic bacteria: Absence of a 
close relationship between Chlorobium and Chloroflexus. Syst 
Appl Microbiol 6: 152-156 

Griebenow K and Holzwarth AR (1989) Pigment organization 
and energy transfer in green bacteria. 1. Isolation of native 
chlorosomes free of bound bacteriochlorophyll a from 
Chloroflexus aurantiacus by gel-electrophoretic filtration. 
Biochim Biophys Acta 973: 235-240 
Griebenow K, Holzwarth AR, Van Mourik F and van Grondelle R 
(1991) Pigment organization and energy transfer in green 
bacteria. 2. Circular and linear dichroism spectra of protein- 
containing and protein-free chlorosomes isolated from 
Chloroflexus aurantiacus Strain Ok-70-fl. Biochim Biophys 
Acta 1058: 194-202 

Griesbeck C, Hager-Braun C, Rogl H and Hauska G (1998) 




Chapter 6 Green Photosynthetic Bacteria 

Quantitation of P840 reaction center preparations from 
Chlorobium tepidum: Chlorophylls andFMO protein. Biochim 
Biophys Acta 1365: 285-293 

Gillen D ( 1 996) Interpretation of the excited-state structure of the 
Fenna-Matthews-Olson pigment protein complex of Prostheco- 
chloris aestuarii based on the simultaneous simulation of the 4 
K absorption, linear dichroism, and singlet-triplet absorption 
difference spectra: A possible excitonic explanation? J Phys 
Chem 100: 17683-17689 

Hanada S, Takaichi S, Matsuura K and Nakamura K (2002) 
Roseiflexus castenholzii gen. nov., sp. nov., a thermophilic, 
filamentous, photosynthetic bacterium which lacks chloro- 
somes. Int J Syst Evol Microbiol 52: 187-193 

Hirota M, Moriyama T, Shimada K, Miller M, Olson JM and 
Matsuura K (1992a) High degree of organization of 
bacteriochlorophyll c in chlorosome-like aggregates spontan- 
eously assembled in aqueous solution. Biochim Biophys Acta 
1099: 271-274 

Hirota M, Tsuji K, Shimada K and Matsuura K (1992b) 
Composition and organization of chlorosome-like bacterio- 
chlorophyll c-lipid aggregates in aqueous solution. In: Murata 
N (ed) Research in Photosynthesis, Vol I, pp 81-84, Kluwer 
Academic Publishers, Dordrecht 

Holo H, Broch-Due, M. and Ormerod JG (1985) Glycolipids and 
the structure of chlorosomes in green bacteria. Arch Microbiol 
143: 94-99 

Holzwarth AR and Schaffner K (1994) On the structure of 
bacteriochlorophyll molecular aggregates in the chlorosomes 
of green bacteria. A molecular modelling study. Photosynth 
Res 41: 225-233 

Holzwarth AR, Griebenow K and Schaffner K. (1990a) A 
photosynthetic antenna system which contains a protein-free 
chromophore aggregate. Z Naturforsch 45c: 203-206 

Holzwarth AR, Muller MG and Griebenow K ( 1 990b) Picosecond 
energy transfer kinetics between pigment pools in different 
preparations of chlorosomes from the green bacterium 
Chlorofiexus aurantiacus. J Photochem Photobiol B 5: 457- 
465 

Hu D (200 1 ) Investigation of the Fenna-Matthews-Olson protein 
from photosynthetic green sulfur bacteria. Ph.D. Dissertation, 
Arizona State University, Tempe 

Imhoff JM and Bias-Imhoff U (1995) Lipids, quinones and fatty 
acids of anoxygenic phototrophic bacteria. In: Blankenship 
RE, Madigan MT and Bauer CE (eds) Anoxygenic Photo- 
synthetic Bacteria, pp 1 79-205. Kluwer Academic Publishers, 
Dordrecht 

Iseri El and Gulen D ( 1 999) Electronic excited states and excitation 
transfer kinetics in the Fenna-Matthews-Olson protein of the 
photosynthetic bacterium Prosthecochloris aestuarii at low 
temperatures. European Biophys J with Biophys Let 28: 243- 
253 

Ishii T, Kimura M, Yamamoto T, Kirihata M and Uehara K 
(2000) The effects of epimerization at the 3* -position of 
bacteriochlorophylls c on their aggregation in chlorosomes of 
green sulfur bacteria. Control of the ratio of 3(1) epimers by 
light intensity. Photochem Photobiol 71: 567-573 

Johnson SG and Small GJ (1991) Excited state structure and 
energy transfer dynamics of the bacteriochlorophyll a protein 
from Prosthecochloris aestuarii. J Phys Chem 95: 471-479 

Karapetyan NV, Swarthoff T, Rijgersberg CP and Amesz J 
(1980) Fluorescence emission spectra of cells and subcellular 



213 

preparations of a green photosynthetic bacterium. Effects of 
dithionite on the intensity of the emission bands. Biochim 
Biophys Acta 593: 254-260 

Krasnovsky AA and Bystrova MI (1980) Self-assembly of 
chlorophyll aggregated structures. BioSystems 12: 181-194 
Krasnovsky AA and Pakshina EV (1959) The photochemical 
and spectral properties of bacterioviridin of green sulfur 
bacteria. Doklady Acad Nauk SSSR (English Trans) 127: 
215-218 

Larsen KL, Miller M, Cox RP ( 1 995) Incorporation of exogenons 
long-chain alcohols into bacteriochlorophyll-c homologs by 
Chlorofiexus aurantiacus. Arch Microbiol 163: 119-123 
Lehmann RP, Brunisholz RA and Zuber H (1994a) Structural 
differences in chlorosomes from Chlorofiexus aurantiacus 
grown under different conditions support the BChl c-binding 
function of the 5.7 kDa polypeptide. FEBS Lett 342: 319-324 
Lehmann RP, Brunisholz RA and Zuber H ( 1 994b) Giant circular 
dichroism of chlorosomes from Chlorofiexus aurantiacus 
treated with 1-hexanol and proteolytic enzymes. Photosynth 
Res 41: 165-173 

Li YF, Zhou W, Blankenship RE and Allen J (1997) Crystal 
structure of the bacteriochlorophyll a protein from Chlorobium 
tepidum. J Molec Bio 271: 456-471 
Lin S, Van Amerongen H and Struve WS ( 1 99 1 ) Ultrafast pump- 
probe spectroscopy of bacteriochlorophyll c antennae in 
bacteriochlorophyll a-containing chlorosomes from the green 
photosynthetic bacterium Chlorofiexus aurantiacus. Biochim 
Biophys Acta 1060: 13-24 

Lopez J, Ryan S and Blankenship RE (1996) Sequence of the 
bchG Gene from Chlorofiexus aurantiacus: The relationship 
between chlorophyll synthase and other polyprenyltransferases. 
JBacteriol 178: 3369-3373 

Louwe RJW, Vrieze J, Aartsma TJ and Hoff AJ (1997a) Toward 
an integral interpretation of the optical steady-state spectra of 
the FMO-complex of Prosthecochloris aestuarii. 1. An 
investigation with linear-dichroic absorbance-detected 
magnetic resonance. J Phys Chem B 101: 1 1273-1 1279 
Louwe RJW, Vrieze J, Hoff AJ and Aartsma TJ ( 1 997b) Toward 
an integral interpretation of the optical steady-state spectra of 
the FMO-complex of Prosthecochloris aestuarii. 2. Exciton 
simulations. J Phys Chem B 101: 1 1280-1 1287 
Louwe RJW, Aartsma TJ, Gast P, Hulsebosch RJ, Nan HM, 
Vrieze J and Hoff AJ (1998) The triplet state of the FMO 
complex of the green sulfur bacterium Prosthecochloris 
aestuarii studied with single-crystal EPR. Biochim Biophys 
Acta-Bioenergetics 1365: 373-384 
Lu XY and Pearlstein RM ( 1 993) Simulations of Prosthecochloris 
bacteriochlorophyll a-protein optical-spectra improved by 
parametric computer-search. Photochem Photobiol 57: 86-91 
Matsuura K and Olson JM (1990) Reversible conversion of 
aggregated bacteriochlorophyll-c to the monomeric form by 1 - 
Hexanol in chlorosomes from Chlorobium and Chlorofiexus. 
Biochim Biophys Acta 1019: 233-238 
Matsuura K, Hirota M, Shimada K and Mimuro M (1993) 
Spectral forms and orientation of bacteriochlorophyll-c and 
bacteriochlorophyll-a in chlorosomes of the green photo- 
synthetic bacterium Chlorofiexus aurantiacus. Photochem 
Photobiol 57: 92-97 

Matsuzaki S, Zazubovich V, Ratsep M Hayes JM and Small GJ 
(2000) Energy transfer kinetics and low energy vibrational 
structure of the three lowest energy Qy states of the Fenna- 




214 

Matthews-Olson antenna complex. J Phys Chem B 104: 9564- 
9572 

Matthews BW and Fenna RE (1980) Structure of a green 
bacteriochlorophyll protein. Acc Chem Res 13: 309-317 

Matthews BW, Fenna RE, Bolognesi MC, Schmid MF, Olson 
JM (1979) Structure of a bacteriochlorophyll a-protein from 
the green photosynthetic bacterium Prosthecochloris-aestuarii. 
JMol Biol 131:259-285 

Melkozemov AN, Olson JM, Li Y-F, Allen JP and Blankenship 
RE ( 1 998) Orientation and excitonic interactions of the Fenna- 
Matthews-Olson protein in membranes of the green sulfur 
bacterium Chlorobium tepidum. Photosynth Res 56: 315-328 

Melo TB, Frigaard NU, Matsuura K and Razi Naqvi K (2000) 
Electronic energy transfer involving carotenoid pigments in 
chlorosomes of two green bacteria: Chlorobium tepidum and 
Chloroflexus aurantiacus. Spectrochim Acta A 56A: 2001- 
2010 

Miller M, Gillbro T and Olson JM ( 1 993) Aqueous aggregates of 
bacteriochlorophyll c as a model for pigment organization in 
chlorosomes. Photochem Photobiol 57: 98-102 

Mimuro M, Hirota M, Nishimura Y, Moriyama T, Yamazaki I, 
Shimada K and Matsuura K. (1994) Molecular organization of 
bacteriochlorophyll in chlorosomes of the green photosynthetic 
bacterium Chloroflexus aurantiacus: Studies of fluorescence 
depolarization accompanied by energy transfer processes. 
Photosynthesis Res 41: 181-191 

Mizoguchi T, Sakamoto S, Koyama Y, Ogura K and Inagaki F 
(1998) The structure of the aggregate form of bacterio- 
chlorophyll c showing the Qy absorption above 740 nm as 
determined by the ring current effects on ^ H and ^ nuclei and 
by intermolecular NOE correlations. Photochem 

Photobiol 67: 239-248 

Mizoguchi T, Kara K, Nagae H and Koyama Y (2000) Structural 
transformation among the aggregate forms of bacterio- 
chlorophyll c as determined by electron absorption and NMR 
spectroscopies: Dependence on the stereoisomeric configur- 
ation and on the bulkiness of the 8-C side chain. Photochem 
Photobiol 71: 596-609 

Montano G, Wu H-M, Lin S, Brune DC and Blankenship RE 
(2001a) Isolation and characterization of the B795 baseplate 
light-harvesting complex from the chlorosomes of Chloroflexus 
aurantiacus. Biophys J 80: 30a 

Montano G, Bowen B, Woodbuiy NW, Labelle J, Pizziconi V 
and Blankenship RE, (2001b) Determination of the number of 
bacteriochlorophyll molecules per chlorosome light-harvesting 
complex in Chloroflexus aurantiacus and Chlorobium tepidum. 
In: PS2001 : Proceedings of the 12th International Congress on 
Photosynthesis. S 15-020. CSIRO Publishing, Melbourne (CD- 
ROM) 

Neerken S, Permentier HJ, Francke C, Aartsma TJ and Amesz J 
(1998) Excited states and trapping in reaction center complexes 
of the green sulfur bacterium Prosthecochloris aestuarii. 
Biochemistry 37: 10792-10797 

Niedermeier G, Scheer H and Feick RG (1992) The functional 
role of protein in the organization of bacteriochlorophyll-c in 
chlorosomes of Chloroflexus aurantiacus. Eur J Biochem 204: 
685-692 

Niedenneier G, Shiozawa J A, Lottspeich F and Feick RG ( 1 994) 
Primary structure of two chlorosome proteins from Chloroflexus 
aurantiacus. FEBS Lett 342: 61-65 

Novoderezhkin VI and Fetisova ZG (1997) Oligomerization of 



Robert E. Blankenship and Katsumi Matsuura 

light-harvesting pigments as a structural factor optimizing the 
photosynthetic antenna function. 3. Model of oligomeric 
pigment organization in antennae of green bacteria. Mol Biol 
31 : 435^40 

Nozawa T, Ohtomo K, Suzuki M, Nakagawa H, Shikama Y, 
Konami H, and Wang ZY (1994) Structures of chlorosomes 
and aggregated BChl c in Chlorobium tepidum from solid state 
high resolution CP/MAS C-13 NMR. Photosynth Res 41: 
211-223 

Oba T and Tamiaki H (1999) Why do chlorosomal chlorophylls 
lack the C13(2)-methoxycarbonyl moiety? An in vitro model 
study. Photosynth Res 6 1 : 23-3 1 
Oelze J and Golecki JR (1995) Membranes and chlorosomes of 
green bacteria: Structure, composition and development. In: 
Blankenship RE, Madigan MT and Bauer CE (eds) Anoxygenic 
Photosynthetic Bacteria, pp 259-278. Kluwer Academic 
Publishers, Dordrecht 

Oh-oka H, Kamei S, Matsubara H, Lin S, van Noort PI and 
Blankenship RE ( 1 998) Transient Absorption Spectroscopy of 
Energy Transfer and Trapping Processes in the Reaction Center 
of Chlorobium tepidum. J Phys Chem 102: 8190-8195 
Olson JM (1966) Chlorophyll-protein complexes derived from 
green photosynthetic bacteria. In: Vernon LP and Seely GR 
(eds) The Chlorophylls pp 413-425 Academic Press, New 
York 

Olson JM (1978) Bacteriochlorophyll a-proteins from green 
bacteria. In: Clayton RK and Sistrom RS (eds) The 
Photosynthetic Bacteria, pp 161-178. Plenum Press, New 
York 

Olson JM (1980a) Chlorophyll organization in green photo- 
synthetic bacteria. Biochim Biophys Acta 594: 33-51 
Olson JM (1980b) Bacteriochlorophyll a-proteins of two green 
photosynthetic bacteria. Meth Enzymol 69: 336-344 
Olson JM (1998) Chlorophyll organization and function in green 
photosynthetic bacteria. Photochem Photobiol 67: 61-75 
Ormerod JG ( 1 992) Physiology of the photosynthetic prokaryotes. 
In: Mann NH and Carr NG (eds) Photosynthetic Prokaryotes, 
pp 93-120. Plenum, New York 

Owen GM and Hoff AJ (2001) Absorbance detected magnetic 
resonance spectra of the FMO complex of Prosthecochloris 
aestuarii reconsidered: Exciton simulations. J Phys Chem B 
105: 1458-1463 

Pearlstein RM (1992) Theory of the optical spectra of the 
bacteriochlorophyll-a antenna protein trimer from Prosthe- 
cochloris aestuarii. Photosynth Res 31:21 3-226 
Pearlstein RM and Hemenger RP (1978) Bacteriochlorophyll 
electronic-transition moment directions in bacteriochlorophyll 
a-protein. Proc Natl Acad Sci USA 75: 4920-4924 
Permentier HP, Schmidt KA, Kobayashi M, Akiyama M, Hager- 
Braun C, Neerken, S, Miller M and Amesz J. (2000) 
Composition and optical properties of reaction core complexes 
from the green sulfur bacteria Prosthecochloris aestuarii and 
Chlorobium tepidum. Photosynth Res 64: 27-39 
Philipson KD and Sauer K (1972) Exciton interaction in a 
bacteriochlorophyll-protein from Chloropseudomonas ethylica. 
Absorption and circular dichroism at 77 K. Biochem 11: 
1880-1885 

Pierson BK and Castenholz RW (1992) The family Chloro- 
flexaceae. In: Balows A, Triiper HG, Dworkin M, Schliefer 
KH, and Harder W (eds) The Prokaryotes, pp 3754-3774. 
Springer-Verlag, Berlin 




Chapter 6 Green Photosynthetic Bacteria 

Pierson BK and Castenholz RW ( 1 995) Taxonomy and physiology 
of filamentous anoxygenic phototrophs. In: Blankenship RE, 
Madigan MT and Bauer CE (eds) Anoxygenic Photosynthetic 
Bacteria, pp 31-47. Kluwer Academic Publishers, Dordrecht 
Pierson BK, Giovannoni SJ, Stahl DA and Castenholz RW 
(1985) Heliothrix oregonensis, gen-nov, sp-nov, a phototrophic 
filamentous gliding bacterium containing bacteriochlorophyll 
a. Arch Microbiol 142: 164-167 
Porra, RJ (1997) Recent progress in pophyrin and chlorophyll 
biosynthesis. Photochem Photobiol 65: 492-516 
Powls R and Redfeam ER (1969) Quinones of the chlorobac- 
teriaceae — properties and possible function. Biochim Biophys 
Acta 172: 429-437 

Powls R, Redfeam E and Trippett S (1968) The stmcture of 
chlorobiumquinone. Biochem Biophys Res Commun 33: 408- 
411 

Ratsep M, Blankenship RE and Small GJ (1999) Energy transfer 
and spectral dynamics of the three lowest energy Q(y)-states of 
the Fenna-Matthews-Olson antenna complex. J Phys Chem B 
103: 5736-5741 

Ratsep M, Wu H-M, Hayes JM, Blankenship RE, Cogdell RJ and 
Small GJ (1998) Stark hole-burning studies of three 
photosynthetic complexes. J Phys Chem B 102: 4035-4044 
Reddy NRS, Jankowiak R and Small GJ (1995) High-pressure 
hole-burning studies of the bacteriochlorophyll a antenna 
complex from Chlorobium tepidum. J Phys Chem 99: 16168- 
16178 

Redfeam ER and Powls R (1968) The quinones of green 
photosynthetic bacteria. Biochem J 106: 50P 
Remigy HW, Stahlberg H, Fotiadis D, Muller SA, Wolpensinger 
B, Engel A, Hauska G and Tsiotis G ( 1 999) The reaction center 
complex from the green sulfur bacterium Chlorobium tepidum: 
A stmctural analysis by scanning transmission electron micros- 
copy. J Mol Bio 290: 851-858 

Renger Th and May V (1998) Ultrafast exciton motion in 
photosynthetic antenna systems: The FMO complex. J Phys 
Chem A 102:4381-4391 

Saga Y, Matsuura K and T amiaki H (200 1 ) Spectroscopic studies 
on self-aggregation of bacteriochlorophyll-^ in non-polar 
organic solvents: Effects of stereoisomeric configuration at the 
31 -position and alkyl substituents at the 81 -position. 
Photochem. Photobiol 74: 72-80 
Sakuragi Y, Frigaard NU, Shimada K and Matsuura K (1999) 
Association of the bacteriochlorophyll a with the CsmA protein 
in chlorosomes of the photosynthetic green filamentous 
bacterium Chloroflexus aurantiacus. Biochim et Biophys Acta- 
Bioenergetics 1413: 172-180 

Sakurai H, Kusumoto N and Inoue K (1996) Function of the 
reaction center of green sulfur bacteria. Photochem Photobiol, 
64: 5-13 

Savikliin S and Stmve WS (1994) Ultrafast energy transfer in 
FMO trimers from the green bacterium Chlorobium tepidum. 
Biochem 33: 11200-11208 

Savikhin S, Zhou WL, Blankenship RE and Stmve WS (1994a) 
Femtosecond energy transfer and spectral equilibration in 
bacteriochlorophyll a — Protein antenna trimers from the green 
bacterium Chlorobium tepidum. Biophys J 66: 1 10-1 13 
Savikhin S, Zhu Y, Lin S, Blankenship RE and Stmve WS 
(1994b) Femtosecond spectroscopy of chlorosome antennas 
from the green photosynthetic bacterium Chloroflexus 
aurantiacus. J Phys Chem 98: 10322-10334 



215 

Savikhin S, van Noort PI, Zhu Y, Lin S, Blankenship RE and 
Stmve WS (1995) Ultrafast energy transfer in light harvesting 
chlorosomes from the green sulfur bacterium Chlorobium 
tepidum. Chem Phys 194: 245-258 
Savikhin S, Zhu Y, Blankenship RE and Stmve WS (1996) 
Intraband energy transfers in the BChl c antenna of chlorosomes 
from the green photosynthetic bacterium Chloroflexus 
aurantiacus. J Phys Chem 100: 17978-17980 
Savikhin S, Buck DR and Stmve WS (1997) Pump-probe 
anisotropies of Fenna-Matthews-Olson protein trimers from 
Chlorobium tepidum: A diagnostic for exciton localization? 
Biophys J 73: 2090-2096 

Savikhin S, Buck DR and Stmve WS (1998) Toward level-to- 
level energy transfers in photosynthesis: The Fenna-Matthews- 
Olson Protein. J Phys Chem B 102: 5556-5565 
Scheer H (1991) Stmcture and occurrence of chlorophylls. In: 
Scheer H (ed) Chlorophylls, pp 3-30. CRC Press, Boca Raton 
Schmidt K (1980) A comparative study on the composition of 
chlorosomes [chlorobium vesicles] and cytoplasmic membranes 
from Chloroflexus aurantiacus strain Ok-70-fl and Chlorobium 
limicola f thiosulfatophilum strain 6230. Arch Microbiol 124: 
21-31 

Schoch S, Oster U, Mayer K, Feick R and Rudiger W. (1999) 
Substrate specificity of overexpressed bacteriochlorophyll 
synthase from Chloroflexus aurantiacus . In: Argyroundi- 
Akoyunoglou JH and Senger H, Eds, The Chloroplast: From 
Molecular Biology to Biotechnology, pp 213-216. Kluwer 
Academic Publishers, Dordrecht 
Sirevag R (1995) Carbon metabolism in green bacteria. In: 
Blankenship RE, Madigan MT and Bauer CE (eds) Anoxygenic 
Photosynthetic Bacteria, pp. 871-883. Kluwer Academic 
Publishers, Dordrecht 

Smith KM ( 1 994) Nomenclature of the bacteriochlorophylls c, d, 
and e. Photosynth Res 41: 23-26 
Smith KM, Goff DA, Eajer J and Barkigia KM (1982) Chirality 
and stmctures of bacteriochlorophylls d. J Am Chem Soc 104: 
3747-9 

Smith KM, Kehres LA and Fajer J (1983) Aggregation of 
bacteriochlorophylls c, <7, and e. Models for the antenna 
chlorophylls of green and brown photosynthetic bacteria. J Am 
Chem Soc 105: 1387-1389 

Staehelin LA, Golecki JR, Fuller RC and Drews G (1978) 
Visualization of the supramolecular architecture of chlorosomes 
{Chlorobium type vesicles) in freeze-fractured cells of 
Chloroflexus aurantiacus. Arch Microbiol 119: 269-277 
Staehelin LA, Golecki JR and Drews G (1980) Supramolecular 
organization of chlorosomes (chlorobium vesicles) and of 
their membrane attachment sites in Chlorobium limicola. 
Biochim Biophys Acta 589: 30-45 
Steensgaard DB, van Walree CA, Baneras L, Borrego CM, 
Garcia-Gil J, Holzwarth AR (1999) Evidence for spatially 
separate bacteriochlorophyll c and bacteriochlorophyll d pools 
within the chlorosomal aggregate of the green sulfur bacterium 
Chlorobium limicola. Photosynthesis Research 59: 231-241 
Steensgaard DB, van Walree CA, Permentier H, Baneras L, 
Borrego CM, Garcia-Gil J, Aartsma TJ, Amesz J and Holzwarth 
AR (2000) Fast energy transfer between BChl d and BChl c in 
chlorosomes of the green sulfur bacterium Chlorobium limicola. 
Biochim Biophys Acta 1457: 71-80 
Takaichi S, Tsuji K, Matsuura K and Shimada K (1995) A 
monocyclic carotenoid glucoside ester is a major carotenoid in 




216 

the green filamentous bacterium Chloroflexus aurantiacus. 
Plant Cell Physiol 36: 773-778 

Tamiaki H ( 1 996) Supramolecular structure in extramembraneous 
antennae of green photosynthetic bacteria. Coordination Chem 
Rev 148: 183-197 

Tamiaki H, Kubo M and Oba T (2000) Synthesis and self- 
assembly of zinc methyl bacteriopheophorbide-f and its 
homolog. Tetrahedron 56: 6245-6257 
Theroux SJ, Redlinger TE, Fuller RC and Robinson SJ (1990) 
Gene encoding the 5.7 kilodalton chlorosome protein of 
Chloroflexus aurantiacus’. Regulated message levels and a 
predicted carboxy terminal protein extension. J Bacteriol 172: 
4497-4504 

Tokita S, Frigaard NU, Hirota M, Shimada K and Matsuura K 
(2000) Quenching of bacteriochlorophyll fluorescence in 
chlorosomes from Chloroflexus aurantiacus by exogenous 
quinones. Photochem Photobiol 72: 345-350 
Tronrud DE and Matthews BW ( 1 993) Refinement of the structure 
of a water-soluble antenna complex from green photosynthetic 
bacteria with incorporation of the chemically determined amino 
acid sequence. In: Norris J and Deisenhofer H (eds) The 
Photosynthetic Reaction Center, Vol 1 pp 13-21. Academic 
Press, San Diego 

Tronrud DE, Schmid MF and Matthews BW (1986) Structure 
and X-ray amino acid sequence of a bacteriochlorophyll a 
protein from Prosthecochloris aestuarii refined at 1.9 A 
resolution. J Mol Biol 188: 443-454 
Triiper HG and Pfennig N (1992) The family Chlorobiaceae. In: 
Balows A, Triiper HG, Dworkin M, Schliefer KH and Harder 
W (eds) The Prokaryotes, 2nd Ed., pp 3583-3592. Springer- 
Verlag, Berlin 

Tsuji K, Takaichi S, Matsuura K and Shimada K ( 1 995) Specificity 
of carotenoids in chlorosomes of the green filamentous 
bacterium, Chloroflexus aurantiacus. In: Mathis P (ed) 
Photosynthesis: From Light to Biosphere, Vol 4, pp 99-103, 
Kluwer Academic Publishers, Dordrecht 
Van de Meent, EJ, Kobayashi M, Erkelens C, Van Veelen PA, 
Otte SCE, Inoue K, Watanabe T and Amesz, J (1992) The 
nature of the primary electron acceptor in green sulfur bacteria. 
Biochim Biophys Acta 1 102: 371-378 
van Dorssen RJ, Gerola PD, Olson JM and Amesz J (1986a) 
Optical and structural properties of chlorosomes of the 
photosynthetic green sulfur bacterium Chlorobium limicola. 
Biochim Biophys Acta 848: 77-82 
van Dorssen RJ, Vasmel H and Amesz J (1986b) Pigment 
organization and energy-transfer in the green photosynthetic 
bacterium Chloroflexus-aurantiacus .2. The chlorosome. 
Photosynth Res 9: 33-45 

van Gemerden H and Mas J (1995) Ecology of phototrophic 
sulfur bacteria. In: Blankenship RE, Madigan MT and Bauer 
CE (eds) Anoxygenic Photosynthetic Bacteria, pp 49-85. 
Kluwer Academic Publishers, Dordrecht 
van Grondelle R, Dekker JP, Gillbro T and Sundstrom W ( 1 994) 
Energy transfer and trapping in photosynthesis. Biochim 
Biophys Acta 1187: 1-65 

van Mourik F, Verwijst RR, Mulder JM and van Grondelle R 
( 1 994) Singlet-triplet spectroscopy of the light-harvesting BChl 
a complex of Prosthecochloris aestuarii. The nature of the low 
energy 825 nm transition. J Phys Chem 98: 10307-10312 
van Noort PI, Zhu Y, LoBrutto R and Blankenship RE (1997) 



Robert E. Blankenship and Katsumi Matsuura 

Redox effects on the excited-state lifetime in chlorosomes and 
bacteriochlorophyll c oligomers. Biophys J 72: 316-325 
van Rossum BJ, Steensgaard DB, Mulder FM, Boender GJ, 
Schaffner K, Holzwarth AR, de Groot HJM (2001) A refined 
model of the chlorosomal antennae of the green bacterium 
Chlorobium tepidum from proton chemical shift constraints 
obtained with high-field 2-D and 3-D MAS NMR dipolar 
correlation spectroscopy Biochemistry 40: 1587-1595 
van Walree CA, Sakuragi Y, Steensgaard DB, Bosinger CS, 
Frigaard NU, Cox RP, Holzwarth AR and Miller M (1999) 
Effect of alkaline treatment on bacteriochlorophyll a, quinones 
and energy transfer in chlorosomes from Chlorobium tepidum 
and Chlorobium phaeobacteroides . Photochem Photobiol 69: 
322-328 

Vassilieva EV, Frigaard N-F and Bryant DA (2000) Chlorosomes: 
The light-harvesting complexes of green bacteria. The Spectrum 
13: 7-13 

Vassilieva EV, Antonkine ML, Zybailov BL, Yang F, Jakobs 
CU, Golbeck JH and Bryant DA (2001) Electron transfer may 
occur in the chlorosome envelope: The CsmI and CsmJ proteins 
of chlorosomes are 2Fe-2S ferredoxins. Biochemistry 40: 
464-473 

Vulto SIE, Streltsov AM and Aartsma TJ (1997) Excited state 
energy relaxation in the FMO complexes of the green bacterium 
Prosthecochloris aestuarii at low temperatures. J Phys Chem B 
101: 4845-4850 

Vulto SIE, Neerken S, Louwe RJW, de Baat MA, Amesz J and 
Aartsma TJ (1998a) Excited-state structure and dynamics in 
FMO antenna complexes from photosynthetic green sulfur 
bacteria. J Phys Chem B 102: 10630-10635 
Vulto SIE, de Baat MA, Louwe RJW, Permentier HP, Neef T, 
Miller M, van Amerongen H and Aartsma TJ (1998b) Exciton 
simulations of optical spectra of the FMO complex from the 
green sulfur bacterium Chlorobium tepidum at 6 K. J Phys 
ChemB 102: 9577-9582 

Vulto SIE, de Baat MA, Neerken S, Nowak FR, van Amerongen 
H, Amesz J and Aartsma TJ (1999) Excited state dynamics in 
FMO antenna complexes from photosynthetic green sulfur 
bacteria: A kinetic model. J Phys Chem B 103: 8153-8161 
Wagner-Huber R, Brunisholz R, Frank G and Zuber H (1988) 
The BChl c/e-binding polypeptides from chlorosomes of green 
photosynthetic bacteria. FEBS Lett 239: 8-12 
Wagner-Huber R, Fischer UR, Brunisholz R, Rumbeli G, Frank 
G and Zuber H ( 1 99 1 ) The primary structure of the presumable 
BChl <7-biding polypeptide of Chlorobium Vibrioforme f 
thiosulfatophilum. Biochim Biophys Acta 1060: 97-105 
Wang J, Brune DC and Blankenship RE (1990) Effects of 
oxidants and reductants on the efficiency of excitation transfer 
in green photosynthetic bacteria. Biochim Biophys Acta 1015: 
457-463 

Wang ZY, Umetsu M, Kobayashi M, Nozawa T (1999) C-13- 
and N-15-NMR studies on the intact bacteriochlorophyll c 
dimers in solutions. J Am Chem Soc 121: 9363-9369 
Watanabe Y, Feick RG and Shiozawa JA (1995) Cloning and 
sequencing of the genes encoding the light-harvesting B806- 
866 polypeptides and initial studies on the transcriptional 
organization of Puf2b, Puf2a And Puf2c in Chloroflexus- 
aurantiacus. Arch Microbiol 163: 124-130 
Wechsler T, Suter F, Fuller RC and Zuber H. (1985a) The 
complete amino acid sequence of the bacteriochlorophyll c 




Chapter 6 Green Photosynthetic Bacteria 

binding polypeptide from chlorosomes of the green 
photosynthetic bacterium Chloroflexus aurantiacus. FEBS 
Lett 181: 173-178 

Wechsler T, Brunisholz R, Suter F Fuller RC and Zuber H. 
(1985b) The complete amino acid sequence of a bacterio- 
chlorophyll a binding polypeptide isolated from the cytoplasmic 
membrane of the green photosynthetic bacterium Chloroflexus 
aurantiacus. FEBS Lett 191:34-38 
Wechsler TD, Brunisholz, RA, Frank G, Suter F and Zuber H. 
(1987) The complete amino acid sequence of the antenna 
polypeptide B806-866-/3 from the cytoplasmic membrane of 
the green bacterium Chloroflexus aurantiacus. FEBS Lett 
210:189-94 

Wechsler TD, Brunisholz RA, Frank G, Zuber H ( 1 99 1 ) Isolation 
and protein chemical characterization of the B 806-866 antenna 
complex of the green thermophilic bacterium Chloroflexus 
aurantiacus. J Photochem Photobiology B. 8: 189-197 
Wendling M, Pullerits T, Przyjalgowski MA, Vulto SIE, Aartsma 
TJ van Grondelle R and van Amerongen HV (2000) Electron- 
vibrational coupling in the Fenna-Matthews-Olson complex 
of Prosthecochloris aestuarii determined by temperature- 
dependent absorption and fluorescence line-narrowing 
measurements. J Phys Chem B 104: 5825-5831 
Whitten WB, Olson JM and Pearlstein RM (1980) 7-fold exciton 
splitting of the 8 10-nm band in bacteriochlorophyll a-proteins 
from green photosynthetic bacteria. Biochim Biophys Acta 
591:203-207 1980 



217 

Woese CR (1987) Bacterial evolution. Microbiol Rev 51: 221- 
271 

Wullink W, Knudsen J, Olson JM, Redlinger TE and Van 
Bruggen EFJ (1991) Localization of polypeptides in isolated 
chlorosomes from green phototrophic bacteria by immuno- 
gold labeling electron microscopy. Biochim Biophys Acta 
1060: 97-105 

Xiong J, Fischer WM, Inoue K, Nakahara M, Bauer CE (2000) 
Molecular evidence for the early evolution of photosynthesis. 
Science 289: 1724-1730 

Zhou W ( 1 995) Studies of the bacteriochlorophyll a protein from 
the photosynthetic green sulfur bacterium Chlorobium tepidum. 
Ph. D. Dissertation, Arizona State University, Tempe 

Zhou W, LoBrutto R, Lin S and Blankenship RE (1994) Redox 
effects on the bacteriochlorophyll ^-containing Fenna- 
Matthews-Olson protein from Chlorobium tepidum. Photosynth 
Res 41: 89-96 

Zhu YW, Ramakrishna BL, van Noort, PI and Blankenship RE 
( 1 995) Microscopic and spectroscopic studies of untreated and 
hexanol-treated chlorosomes from Chloroflexus aurantiacus. 
Biochim Biophys Acta 1232: 197-207 

Zuber H and Brunisholz RA (1991) Structure and function of 
antenna polypeptides and chlorophyll-protein complexes: 
Principles and variability. In: Scheer H (ed) Chlorophylls, pp 
627-703. CRC Press, Boca Raton 




Chapter 7 



Light-Harvesting in Photosystem II 

Herbert van Amerongen* 

Laboratory of Biophysics, Department of Agrotechnoiogy and Food Sciences, 
Dreijeniaan 3, 6703 HA Wageningen, The Netheriands 

Jan P. Dekker* 

Facuity of Sciences, Division of Physics and Astronomy, Vrije Universiteit, 

De Boeieiaan 1081, 1081 HV Amsterdam, The Netheriands 

Summary 220 

I. Introduction 220 

II. The Photosystem II Genes and Proteins 221 

III. Individual Photosystem II Antenna Complexes 222 

A. Major Peripheral Antenna Complexes (LHCll) 222 

1. Structure 222 

2. Xanthophylls: Identity, Location and Function 224 

3. Location and Identity of the Chlorophylls 226 

4. Chlorophyll-Xanthophyll Contacts 228 

5. Xanthophyll -> Chlorophyll Singlet Energy Transfer 228 

6. Chlorophyll b Chlorophyll b and Chlorophyll a Singlet Energy Transfer 229 

7. Chlorophyll a -> Chlorophyll a Singlet Energy Transfer 229 

8. Singlet Excitation Energy Transfer throughout and between LHCll Trimers 230 

B. Minor Peripheral Antenna Complexes (CP29, CP26, CP24) 231 

1 . General Features 231 

2. CP29 231 

3. CP26 and CP24 232 

C. Other Proteins Associated with the Peripheral Antenna 233 

D. CP47 and CP43 234 

IV. Reaction Center Containing Photosystem II Complexes 235 

A. The Isolated Photosystem II Reaction Center 235 

1 . Biochemistry and Structure 235 

2. Spectroscopy 236 

3. Energy Transfer and Trapping 236 

B. Photosystem II Core Complexes 237 

C. Photosystem II Supercomplexes 240 

D. Photosystem II Membranes 242 

V. Overall Trapping of Excitation Energy 242 

References 245 



*Authors for correspondence, email: Herbert.vanAmerongen@wur.nl or dekker @nat.vu.nl 



Beverley R. Green and William W. Parson (eds): Light-Harvesting Antennas, pp. 219-251. 
© 2003 Kluwer Academic Publishers. 




220 



Herbert van Amerongen and Jan R Dekker 



Summary 

Photosystem II (PS II) of green plants represents one of the most eomplex systems in plant biology. It consists 
of at least 29 different types of proteins, binds a huge number of pigments (chlorophylls and carotenoids), 
produces the oxygen that we breathe and plays essential roles in many regulation mechanisms of the 
photosynthesis. In this chapter, we discuss the mechanisms of light-harvesting and trapping of excitation energy 
in green plant PS II. We describe structural models of the pigment-binding proteins of PS II and their 
supramolecular organization, and consider the energy transfer processes between pigments in individual 
complexes, with an emphasis on the major trimeric light-harvesting complex II (LHCII) of PS II, which is by 
far the best studied protein of the PS II antenna. Energy transfer between different complexes also is addressed, 
as well as studies on complete PS II complexes. In contrast to many previous studies, we conclude that the 
relatively long excited-state lifetime in PS II should be explained by a combination of three different factors: 
1) the relatively slow energy transfer in the outer antenna, 2) the small number of chlorophylls that connect the 
antenna to the reaction center, and 3) the relatively slow charge separation in the reaction center. The process 
of excitation trapping can therefore not be classified as being purely diffusion-, transfer-to-the-trap-, or trap- 
limited. 



I. Introduction 

Photosystem II (PS II) is a large supramolecular 
pigment-protein complex embedded in the thylakoid 
membranes of green plants, algae and cyanobacteria. 
Its major task is to collect light energy and to use this 
for the reduction of plastoquinone, the oxidation of 
water and the formation of a transmembrane pH 
gradient. It consists of at least 29 different types of 
protein subunits, many of which are intrinsically 
bound to the thylakoid membranes. Some subunits 
are involved in the capturing of solar energy and the 
regulation of the energy flow, others are directly or 
indirectly involved in the oxidation of water to 
molecular oxygen. 

The most elementary functions of PS II (primary 
charge separation and secondary electron transport) 
are carried out by two proteins known as D 1 and D2, 
which together constitute the reaction center (RC). 
These subunits bind the so-called primary reactants, 
which include the primary electron donor of PS II, 
known as P680. The electronic excitation of P680 
initiates the transfer of an electron from P680 to a 



Abbreviations: ADMR - absorbance-detected magnetic 
resonance; ^Car - /6-carotene; ^DM - dodecyl-/3,D-maltoside; 
C - monomeric PS II core complex; CD - circular dichroism; 
Chi - chlorophyll; DCCD - N,N'-dicyclohexylcarbodiimide; 
BLIP - early light-indueed protein; IC - internal eonversion; L - 
loosely bound trimeric LHCII; LD - linear dichroism; LHCII - 
light-harvesting eomplex II; Lut - lutein; M - moderately bound 
trimeric LHCII; Neo - Neoxanthin; 3PEPS - three-pulse photon 
echo peak shift; Ph - pheophytin; PS II - Photosystem II; RC - 
reaction center; S - strongly bound trimeric LHCII; S-S - singlet- 
singlet; S-T - singlet-triplet; T-S - triplet-minus-singlet; Vio - 
violaxanthin; Zea - zeaxanthin 



pheophytin (Ph), resulting in the oxidation of the 
chlorophyll (P680^) and the reduction of the 
pheophytin (Ph"), and thus in a charge separation. 
The electron on the Ph molecule is taken up by a 
complex of two quinones and a non-heme iron, 
which after proton uptake produces reduced 
plastoquinone. Reduction of P680^ proceeds via a 
redox-active tyrosine of the D1 protein and a cluster 
of four manganese ions, which after the accumulation 
of four oxidizing equivalents oxidizes water to 
molecular oxygen. 

Photosystem II has a number of unique properties. 
Perhaps the most important is the extremely high 
redox potential of P680^(~ +1.2 V), which is much 
higher than the redox potentials of all other known 
photosystems and is sufficient to oxidize water to 
molecular oxygen. The evolution of the capability to 
use water as source of electrons has allowed 
photosynthetic organisms to proliferate to an 
enormous extent, and has finally resulted in our 
present oxygenic atmosphere. 

The high redox potential of P680^ implies that 
more energy will be stored in the charge-separated 
products in PS II than in any other photosystem 
(Diner and Babcock, 1996). This has placed large 
constraints upon the energetics of the primary 
processes of PS II. In order to support the high free 
energy of charge separation in PS II, it is necessary 
that the energetic input be as large as possible. This is 
achieved by keeping the absorption wavelength of 
the primary electron donor as short as possible. At 
the same time, however, the absorption wavelength 
of the prim ary electron donor can not be shorter than 
that of most antenna chlorophylls, because the uphill 
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energy transfer would considerably slow down the 
overall process of charge separation. Indeed, of all 
known primary electron donors P680 absorbs at the 
shortest wavelength and creates the shallowest trap 
of excitation energy within its antenna (Jennings et 
ah, 1993a,b). The shallow trap of excitation energy 
means that at physiological temperatures (at which 
the thermal energy has about the same value as the 
energy gradient from the PS II chlorophyll a antenna 
molecules to P680)^ the excitation energy has a 
roughly equal probability to be localized anywhere 
on the complete antenna ('^ 1 50 chlorophyll a antenna 
molecules), and that the overall time for the trapping 
of the excitation energy by P680 will be relatively 
long. 

In the following sections we first introduce the 
genes and proteins of PS II, then we describe in detail 
the spectroscopy and function of the various 
individual chlorophyll-protein complexes of the PS II 
antenna (Green and Durnford, 1 996), then we discuss 
how the various antenna proteins connect to the DI 
and D2 proteins and how this affects the transfer and 
trapping of the excitation energy, and finally we 
describe the spectroscopy and function of the 
complete PS II antenna system. 

II. The Photosystem II Genes and Proteins 

Table I lists the 29 genes and gene products that are 
known to be associated with PS II in green plants. 
Some of these genes are encoded by the chloroplast 
genome, others by the nuclear genome. The list is not 
complete, since it lacks the so-called early light- 
induced proteins (ELIPs), proteins that are transiently 
synthesized by the nuclear genome under greening 
conditions (Jansson, 1994). Also the list does not 
include PS II proteins like the extrinsic PsbU and 
PsbV polypeptides, which occur only in cyanobacteria 
and do not have counterparts in higher plants. The 
list, however, includes the recently discovered 
membrane protein called LhbA (Ruf et ah, 2000) or 
PsbZ (Swiatek et al., 2001), which is encoded by the 
conserved chloroplast open reading frame yc/9. This 
protein is associated with the peripheral antenna 
protein CP26 (Ruf et al., 2000) and controls the 
interaction between the PS II core complex and the 
peripheral antenna (Swiatek et al., 2001). It is 
expected that more such small proteins associated 



with the peripheral antenna remain to be discovered 
(Ruf et al., 2000). Table 1 also lists the molecular 
mass and the number of transmembrane a-helices of 
each gene product, and the smallest possible complex 
of proteins, associated with the PS II reaction center 
(PS II RC), in which each gene product is located 
(see Sections III and IV for definitions of the various 
complexes). Table 2 lists the chromophores associated 
with the various complexes. 

It is now generally accepted that PS II is organized 
as a dimer in the granal parts of the thylakoid 
membrane (Santini et al., 1994; Hankamer et al., 
1997a). Stromal PS II may perhaps be monomeric 
(Bassi et al., 1995), but probably contains all the 
PS II antenna proteins, with the possible exception 
of the Lhcb2 protein (Jansson et al., 1997). The total 
antenna size of stromal PS II is about 130 Chi (a+Z?) 
per RC (Jansson et al., 1997), which suggests the 
presence of all monomeric LHCII complexes 
(Lhcb4-6) and one or two trimeric LHCII complexes 
(Table 2). The total antenna size of granal PS II is 
about 2 1 0-250 Chi {a+b), suggesting the presence of 
two or three additional trimeric LHCII complexes. 

Many details of the structural organization of the 
various pigment-protein complexes have been 
obtained by electron crystallography of two- 
dimensional crystals of trimeric LHCII (Kiihlbrandt 
et al., 1994), the CP47-RC complex (Rhee et al., 
1997, 1998) and the dimeric oxygen-evolving PS II 
core complex (Hankamer et al., 1999) and by X-ray 
diffraction of three-dimensional crystals of the PS II 
core complex from Synechococcus elongatus (Zouni 
et al., 2001). The LHCII structure reveals the positions 
and orientations of 3 transmembrane a-helices, 12 
chlorophyll and 2 carotenoid molecules per 
monomeric subunit, and is discussed in more detail 
in Section III. A (see below). It is commonly believed 
that the related monomeric proteins CP29, CP26 and 
CP24 have very similar organizations (Green and 
Kiihlbrandt, 1995). The PS II core structure reveals 
the positions and orientations of a large number of 
transmembrane a-helices, as well as those of the 
electron transport co-factors and of 32 chlorophyll 
and two pheophytin molecules (Zouni et al., 2001). 
This complex contains the PsbA-F, PsbH-0 and 
PsbX proteins, as well as the extrinsic PsbU and 
PsbV proteins only found in cyanobacteria, and is 
discussed in more detail in Sections III.D, IVA and 
IV.B. 



‘ At 293 K the thermal energy k^T is about 4 x 10^^' J, or 25 meV, 
or 200 cnr‘, or 10 nm around 675 nm. 
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Table 1. List of PS II genes and gene products from green plants, listed in the order of decreasing mass 



No. 


Gene 

(origin) 


Protein 


Protein 
Mass (kDa) 


No. TM a- 
Helices^ 


Loeation (smallest 
possible unit)^ 


1 


psbB {cf 


CP47 


56.3** 


6 


CP47-RC 


2 


psbC (c) 


CP43 


50.1 


6 


eore 


3 


psbD (c) 


D2 


39.4 


5 


RC 


4 


psbA (c) 


D1 


38.0 


5 


RC 


5 


Lhcb4 (n) 


CP29 


28.4 


3 


C 2 S 


6 


Lhcb5 (n) 


CP26 


26.6 


3 


C 2 S 


7 


PsbO (n) 


33 kDa, OEC33 


26.5 


- 


Core 


8 


Lhcb2 (n) 


LHCIIb^ 


24.8 


3 


C 2 S 


9 


Lhcbl (n) 


LHCIIb 


24.6 


3 


C 2 S 


10 


LhcbS (n) 


LHCIIb® 


24.6 


3 


C 2 SM 


11 


Lhcb6 (n) 


CP24 


22.7 


3 


C 2 SM 


12 


PsbS (n) 


PSII-S 


21.7 


4 


?? 


13 


PsbP (n) 


23 kDA, OEC23 


20.2 


- 


Core 


14 


PsbQ (n) 


17kDA, OEC17 


16.5 


- 


Core 


15 


PsbR (n) 


10 kDa 


10.2 


- 


Core 


16 


psbE (c) 


a-Cyt.b559 


9.3 


1 


RC 


17 


psbH (c) 


PSII-H 


7.7 


1 


Core 


18 


psbZ (c) 


LhbA or PSII-Z 


6.6 


2 


associates with CP26 


19 


PsbW{n) 


PSII-W 


5.9 


1 


RC 


20 


psbN (c) 


PSII-N 


4.7 


1 


Core 


21 


psbF (c) 


iS-Cyt.b559 


4.4 


1 


RC 


22 


psbL (c) 


PSII-L 


4.4 


1 


CP47-RC 


23 


psbK (c) 


PSII-K 


4.3 


1 


CP47-RC 


24 


PsbX{n) 


PSII-X 


4.2 


1 


Core 


25 


psbl (c) 


PSII-I 


4.2 


1 


RC 


26 


psbJ (c) 


PSII-J 


4.1 


1 


?? 


27 


psbT^ic) 


PSII-T, 


bo 


1 


CP47-RC 


28 


psbM (c) 


PSII-M 


3.8 


1 


Core 


29 


PsbT„{n) 


PSII-T„ 


3.3 


- 


Core 



^the no. a-helices refers to the number of transmembrane a-helices. ^ the smallest possible PS II RC-containing unit to 
which the protein is connected. RC refers to the isolated PS II RC complex (Section IV. A), CP47-RC to the isolated PS 
II RC complex with connected CP47 protein, core to the fully functional PS II core complex (Section IV. B), while C 2 S 
and C 2 SM refer to PSII-LHCII supercomplexes consisting of a dimeric PS II core complex (C 2 ) and a strongly bound 
trimeric LHCII complex (S) or a moderately bound LHCII complex (M) (Section IV.C). c and n refer to chloroplast and 
nuclear origin, respectively. ^ .the masses of all Psb gene products are those of spinach (Hankamer et al., 1 997a). The Lhcb 
gene products are those of tomato except Lhcb4, which is from barley (Jansson, 1994). The PsbZ (LhbA) protein is from 
tobacco (Ruf et al., 2000). ^ occurs usually in a single copy together with two Lhcb 1 proteins in trimeric LHCIIb (Jansson, 
1994) 



III. Individual Photosystem II Antenna 
Complexes 

A. Major Peripheral Antenna Complexes 
(LHCII) 

1. Structure 

Most of the pigments in PS II are bound to the major 



peripheral antenna complexes, called LHCII. These 
trimeric pigment-protein complexes are not unique 
in composition and consist of various combinations 
of three very similar proteins, encoded by genes 
Lhcbl, Lhcb2 and Lhcb3, which usually occur in a 
ratio of about 8:3:1 (Jansson, 1994). The Lhcbl and 
Lhcb2 polypeptides have only 14 differences in their 
amino acid sequences, while the Lhcb3 polypeptide 
deviates more in sequence from the other two and 
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Table 2. Pigment composition of PS II complexes 



Complex 


Phe a 


Ch\a 


Ch\b 


p-CSLV 


Lut 


Vio^ 


Neo 


No/RC'’ 


PS II RC" 


2 


6 


0 


2 


0 


0 


0 


1 


CP47‘> 


0 


16 


0 


2-3 


0 


0 


0 


1 


CP43“ 


0 


13 


0 


2-3 


0 


0 


0 


1 


CP29" 


0 


6 


2 


0 


0.7-1. 0 


0.6-1.3 


0.5-0.6 


1 


CP26f 


0 


6 


3 


0 


'-I 


-0.5 


-0.5 


1 


CP248 


0 


5 


5 


0 


7 


7 


7 


1 


LHCII'' 


0 


7-8 


5-6 


0 


2 


0.3-1 


1 


-12 


total / RC' 


2 


138-150 


70-82 


6-8 


-11 


6-16 


-14 




core (C)** 


2 


35 


0 


6-8 


0 


0 


0 




CS) 


2 


68-71 


20-23 


6-8 


~8 


2-5 


-4 




CSM') 


2 


94-100 


40-46 


6-8 


-'15 


4-10 


-8 




CSML' 


2 


115-124 


55-64 


6-8 


'-21 


5-13 


-11 





^ Violaxanthin is partially converted into zeaxanthin and/or antheraxanthin under conditions of light stress. ^No/RC refers 
to the number of (monomeric) protein copies per RC in PS II membranes. The number of LHCII proteins must be regarded 
as a rough average, because this number can vary depending on plant species and growth conditions. ^ Eijckelhoff et al., 1 996. 
^ VasiTev et al., 2001. ®Bassi et al., 1999; Pascal et al., 1999; Ruban et al., 1999. ^Frank et al., 2000. ^Pagano et al., 1998. 
hKiihlbrandt et al., 1994; Peterman et al., 1997c; Ruban et al. 1999. ' Sum of PS II RC, CP47, CP43, CP29, CP26, CP24 and 
LHCII, each multiplied with the number denoted in No/RC. j CS refers to one half of the most common PSII-LHCII 
supercomplex (C 2 S 2 ) and consists of PS II core, CP29, CP26 and (trimeric) LHCII complexes in a 1 : 1 : 1 : 1 ratio. ^ CSM 
consists of PS II core, CP29, CP26, CP24 and (trimeric) LHCII complexes in a 1 : 1 : 1 : 1 :2 ratio. ^ CSML consists of PS II core, 
CP29, CP26, CP24 and (trimeric) LHCII complexes in a 1:1:1:1;3 ratio 



also is somewhat smaller (it lacks a number of amino 
acids at the N-terminus). 

A major step forward in the understanding of light 
harvesting in PS II was the elucidation of the structure 
of LHCII by Kiihlbrandt and coworkers (Kiihlbrandt 
et al., 1994), who combined results from electron 
diffraction and electron microscopy on two- 
dimensional crystals of LHCII at cryogenic 
temperatures. Crystals were grown from native 
LHCII, containing the gene products encoded by 
Lhcbl, Lhcb2 and Lhcb3, but the stoichiometry of 
these proteins in the crystals is not known. The 
resolution of the structure was 3.4 A parallel to the 
plane of the trimer (which is also the plane of the 2-D 
crystals and the plane of the membrane), but 4.4-4. 9 
A perpendicular to this plane. This resolution provided 
a somewhat crude model of the structure (Kiihlbrandt 
et al., 1994). The model shows large parts of the 
protein backbone as well as the locations and 
approximate orientations of twelve chlorophylls and 
two carotenoids in each monomer (Fig. 1 ). Particularly 
well-resolved are the three transmembrane a-helices 
(A, B and C — also numbered as 3, 1 and 2, 
respectively) and a short amphiphilic helix (D) at the 
Interface of the protein and the water surroundings. 



Helices A and B are exceptionally long for 
transmembrane helices, make an angle of about 30° 
with the normal to the membrane plane, and are held 
together at least in part by a pair of inter-helix ion 
pairs. A stereo representation of the LHCII pigments 
is given in Color Plate 4. Helix C is shorter and is 
oriented normal to the membrane. The structure of a 
considerable part of the protein, in particular most of 
the connecting parts between the helices as well as 
the C- and N-termini, was not resolved. Noteworthy 
is the N-terminal part, which is known to contain a 
lipid binding site and which is involved in 
trimerization (Nussberger et al, 1993; Hobe et al., 
1995). It also contains (except for the Lhcb3 gene 
product) a phosphorylation site. Phosphorylation of 
the latter site is believed to cause TateraT movement 
of LHCII between the granal and lamellar parts of 
the thylakoid membranes (Bassi et al., 1997). 

In view of the light-harvesting function, the 
pigments are of particular interest. The model shows 
twelve chlorophylls (Chls) and two carotenoids 
(xanthophylls) per LHCII monomer. The two resolved 
xanthophylls were found to have an important 
structural role and were tentatively identified as lutein 
(Lut), because the other xanthophylls violaxanthin 
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Fig. 1. Structure of the trimeric LHCII complex (Kiihlbrandt et al, 1994). A) Top view of the chromophores resolved in the 3.4 A crystal 
structure. LI and L2 indicate the positions of the xanthophylls; A1-B6 indicate the sites of the Chls, numbered according to Kiihlbrandt 
et al. (1994). The grey-scale of numbers and background in the squares corresponds to that in B. B) Schematic representation of the a- 
helices, the location of the chlorophylls and known pigment binding sites in LHCII. Helices are indicated by characters A-D, numbers 
in parentheses refer to the numbering based on the amino acid sequence (from N- to C-terminus). Also indicated are amino acids known 
to bind Chi or to be involved in intramembrane charge pairs in LHCII. The chlorophylls in white and black have been shown to be Chi 
a and Chi b, respectively; those in grey have been proposed to have a mixed character (see text and Table 4). See stereogram of pigments 
in Color Plate 4. 



(Vio) and neoxanthin (Neo) were present in 
substoichiometric amounts in the crystallization 
mixture. The identity of the Chls (Chi a or Chi b) in 
the structure could not be resolved from the structural 
data. The seven Chls closest to the two resolved 
xanthophylls were tentatively attributed to Chi a. As 
discussed in the following sections, reconstitution 
experiments after overexpression of the genes in E. 
coli have indicated that this attribution was only 
partially correct. It should be noted that the pea 
LHCII that was used as starting material for 
crystallization contained eight Chls a and six Chls b 
per monomer. These numbers vary slightly across 
species and for maize, values of seven Chls a and five 
Chls b per monomer were reported (Remelli et al., 
1999). 

LHCII, as the main protein constituent of the 
thylakoid membranes, should be considered not only 
as a light-harvesting pigment protein complex, but 
also as a main structural element of the thylakoid 
membrane. It has been well established that it plays 
an important role in the formation and stabilization 



of the grana and in the lateral separation of the two 
photosystems (Garab and Mustardy, 1999). LHCII 
also provides structural flexibility to the granal 
thylakoids (Barzda et al., 1996), which is largely 
independent of the activity of the photochemical 
apparatus, and most likely driven by a thermo-optic 
effect, i.e., the local thermal fluctuations due to the 
dissipation of the excess excitation energy (Cseh et 
al., 2000). This type of light-dependent structural 
flexibility of LHCII, probably in concert with its pH- 
dependent flexibility (Ruban et al., 1998), may play 
an essential role in regulatory processes, such as the 
dissipation of excess excitation energy (Jennings et 
al., 1991; Horton et al., 1996; Barzda et al., 1999), 
and the regulation of phosphorylation by light (Zer et 
al., 1999). 

2. Xanthophylls: Identity Location and Function 

LHCII from dark-adapted plants usually contains 
Lut, Neo and Vio in a ratio of about 2:1:0.07-1, 
depending on the aggregation state, source and 
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biochemical isolation procedure (Peterman et al, 
1997c; Ruban et al., 1999). This points to a total of 
four binding sites per monomeric subunit of a trimer, 
which have now indeed been recognized. The first 
two sites bind the xanthophylls seen in the crystal 
structure (Kiihlbrandt et al., 1994) which make an 
internal central crossbrace in the complex (Fig. 1). 
Both sites can be occupied by either Lut or Vio, but 
with a very strong preference for Lut (Croce et al., 
1 999b; Hobe et al, 2000), whereas the binding affinity 
for Neo is extremely small (Hobe et al., 2000). The 
third site was not recognized in the crystal structure, 
but on the basis of reconstitution studies it was 
concluded to be near helix C (2) and to be specific for 
Neo (Croce et al., 1999b). Hobe et al. (2000) found 
that the affinity for Lut is 25 times lower. From 
linear-dichroism (LD) experiments it was concluded 
that the angle between Neo and the normal to the 
trimer plane is 57° ± 1.5°, close to the value for the 
central transmembrane xanthophylls in the crystal 
structure. The fourth site is probably exclusively 
occupied by Vio. It was recently shown by Ruban et 
al. (1999) that approximately one Vio is bound per 
monomeric subunit of LHCII, but the binding is 
weak and the xanthophyll is very easily lost upon 
isolation. Gruszecki et al. (1999) proposed a model 
in which a fraction of the Vio molecules that are in a 
cis-conformation are located on one site of the 
membrane, while the major fraction is in an all- 
trans-conformation and is transmembrane. It was 
proposed that the loosely-bound Vio is involved in 
the xanthophyll cycle, in which Vio is de-epoxidated 
to form zeaxanthin (Zea) under high-light conditions 
(Ruban et al., 1999). Changes have been observed in 
the conformation of (at least) one of the xanthophylls 
in LHCII upon aggregation with the use of resonance 
Raman spectroscopy (Ruban et al., 1995). The 
corresponding xanthophyll could not be unam- 
biguously assigned, although it was presumed to be 
Lut. In a more recent study, Ruban et al. (2000) 
showed that a fraction of the Neo molecules undergoes 
a structural change upon oligomerization of LHCII. 

The interpretation of spectroscopic measurements 
on LHCII is helped considerably by differences in 
absorption properties of the xanthophylls in the four 
binding sites. It is consistently found that Neo has its 
red-most absorption peak at 487 ± I nm (Peterman et 
al., 1997c; Croce et al., 1999a,b; Gradinaru et al., 
2000; Ruban et al., 2000) whereas both Lut and Vio 
peak more to the red (Peterman et al., 1997c; Croce 
et al., 1999a,b; Gruszecki et al., 1999; Ruban et al.. 



2000; Gradinaru et al., 2000). Monomeric LHCII 
contains no Vio and it shows besides the Neo 
absorption an additional peak at 494-495 nm, which 
is ascribed to the two Lut molecules (Peterman et al., 
1997c; Croce et al., 1999b; Ruban et al., 2000). 
Croce et al. (2000) even found small differences for 
both Lut molecules in monomeric reconstituted 
LHCII complexes. For trimeric LHCII, which also 
contains (substoichiometric amounts of) Vio, an 
additional small absorption band was observed 
around 510 nm, and was assigned to Vio (Peterman 
et al., 1997c; Gradinaru et al., 2000). However, 
Ruban et al. assigned the 510 nm band to a Lut 
molecule (Ruban et al., 2000) and it was claimed that 
one of the luteins has a different conformation in the 
trimer than in the monomer. The difference in the 
absorption spectrum of Lut in monomers and trimers 
would then be due to a conformational difference. 
Below, we stick to our own assignment (Vio corres- 
ponds to 5 1 0 nm) for the discussion of singlet transfer 
from xanthophyll to Chi and triplet transfer from Chi 
to xanthophyll, but the different assignment of Ruban 
et al. should be kept in mind. 

The central xanthophylls (luteins) absorbing 
maximally at 494 nm are probably structurally 
important (Kiihlbrandt et al., 1994) and give rise to 
efficient singlet energy transfer to Chi and in addition 
accept a large fraction of the Chi a triplets (Peterman 
et al., 1997c). This means that there must be close 
contacts between these xanthophylls and at least 
some Chi a residues. 

The triplet quenching is physiologically important 
for the following reasons. The excitation energy 
transfer from Chi b to Chi a is rather fast (the main 
part of the energy transfer proceeds within 1 ps — see 
below) and therefore most of the excitations are 
present on Chi a during the excited-state lifetime in 
PS II (on the order of several tens to hundreds of ps). 
There is a finite probability for a singlet excitation to 
transform into a triplet excitation via a spin flip (a 
process called intersystem crossing) which conse- 
quently leads to Chi a triplets. These triplets are 
potentially harmful for the system since they can 
react with molecular oxygen to form singlet oxygen 
(’O^), a highly reactive and destructive species. 
However, the xanthophylls quench the Chi a triplets 
rather effectively, because of efficient triplet transfer 
from Chi a to xanthophyll. The rate of transfer was 
estimated to be >(0.5 ns)~^ by Schddel et al. (1998). 
The energy of the xanthophyll triplets is too low to 
allow the formation of singlet oxygen and thus the 
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Table 3. List of mutations in three studies to identify the pigments that bind at 
specific binding sites in LHCII 



site 


Remelli et al. (1999) 


Yang et al. (1999) 


Rogl and Kiihlbrandt 
(1999) 


Al 


RE70/180IV 




El 80 A 


A2 


N183V 




N183A 


A3 


Q197V 


Q197E,Q197S 


Q197L 


A4 


ER65/185VL 


EH65/68QL 


E65A 


A5 


H68I 


H68F, H68L 
EH65/68QL 


H68A 


A6 


P82V 




LG77/78VF 


B3 


H212V 


H212F, H212L 


H212A 


B5 


E139L 

FR139/142LL 




E139A 


B6 


Q131V,Q131E 


Q131E,Q131S 


Q131A 



xanthophylls fulfill a protective role (Siefermann- 
Harms, 1987; Nechushtai et al., 1988; Siefermann- 
Harms and Angerhofer, 1998). 

In contrast to the central xanthophylls, the Neo at 
the third binding position was found to perform 
badly in singlet excitation energy transfer and triplet 
quenching (Peterman et ah, 1997c). One might 
wonder about the function of the Neo in LHCII. 
Croce et al. (1999b) found that reconstituted 
complexes with Neo suffer less from photooxidation 
in the presence of oxygen than complexes without 
Neo and it was therefore proposed that Neo is actively 
involved in the scavenging of ^ 02 *. 

The Vio at the fourth binding position, absorbing 
maximally at 510 nm, was found to be efficient in 
singlet energy transfer to Chi and in accepting triplets 
from Chi a (Peterman et al., 1997c). In complexes 
with substoichiometric amounts of Vio, a relatively 
large fraction of the Chi a triplets were transferred to 
Vio, indicating that Vio at this binding position plays 
an important photophysical role (it should be noted 
that the 5 1 0 nm absorption band was assigned to Lut 
by Ruban et al., 2000). 

Finally, we would like to mention the work of 
Pogson et al. ( 1 998) who studiQd Arabidopsis mutants 
with altered xanthophyll compositions. It turns out 
that plants are still viable in the complete absence of 
lutein, violaxanthin and neoxanthin, but the 
xanthophylls appear to be necessary for optimal 
rates of seedling development and photoprotection. 



3. Location and Identity of the Chlorophylls 

In order to understand the light harvesting and 
photoprotection in LHCII in detail, one needs to 
know the identities of the Chls. The longest- 
wavelength absorption band of Chi b lies around 650 
nm whereas it is located near 670 nm for Chi a. 
Because of this large energy difference, singlet 
excitations have a strong tendency to be located on 
Chi a. Therefore, the identities of the pigments is of 
crucial importance for the routes of energy transfer. 
On the other hand, dangerous triplets are also 
predominantly generated on Chi a and effective triplet 
quenching requires close contacts with xanthophyll 
molecules. 

The identity of the Chls was recently addressed by 
studying reconstituted LHCII complexes in which 
individual Chi binding sites had been mutated to 
non-bonding sites (Remelli et al., 1999; Rogl and 
Kiihlbrandt, 1999; Yang et al., 1999). In order to 
facilitate the discussion, we denote the binding sites 
of the chlorophylls by a capital and a number, 
corresponding to the numbering of the chlorophylls 
as originally given by Kiihlbrandt and coworkers 
(Kiihlbrandt et al., 1994; Fig. la,b; Color Plate 4). 
Thus site Al binds Chi al, etc. The original 
assignment was based on the assumption that the 
triplets that are predominantly formed on Chi a have 
to be quenched by the two xanthophylls that are 
observable in the crystal structure. For triplet 
quenching to be efficient. Van der Waals contact is 
required and this formed the rationale for the 




Chapter 7 Photosystem II 



227 



Table 4. Ligands and types of chlorophyll of the proposed chlorophyll 
binding sites in trimeric LHCII and CP29 (for references, see text) 



site 


LHCII 

ligand 


LHCII 
type of Chi 


CP29 

ligand 


CP29 

type of Chi 


Al 


Glu 


a 


Glu 


a 


A2 


Asn 


a 


His 


a 


A3 


Gin 


mixed 


Gin 


mixed 


A4 


Glu 


a 


Glu 


a 


A5 


His 


a^ 


His 


a 


A6 


Glyb 


mixed or b 


- 


- 


A7 


7 


mixed or b 


- 


- 


Bl 


7 


a 


- 


- 


B2 


7 


b 


- 


- 


B3 


His 


mixed 


His 


mixed 


B5 


Glu 


b 


Glu 


mixed 


B6 


Gin 


b 


Glu 


mixed 



^ required for stability. ^ peptide carbonyl 



identification of the seven central Chls as Chi a. The 
presence of additional xanthophylls, however, 
invalidates this line of reasoning. 

Table 3 lists the various mutations that have been 
introduced in the different studies in order to reveal 
the identities of the individual pigments. Rogl and 
Kiihlbrandt concluded that the Chls at sites A1 and 
A2 are indeed Chi a, whereas those at sites B5 and 
B6 are Chi b (Table 4). The same conclusion was 
reached by Remelli et al. (1999). Also the results of 
Yang et al. ( 1 999) strongly suggest that the Chi at B6 
is a Chi b. The binding site A5 for Chi a5 was mutated 
in all three studies and although reconstituted 
complexes could be obtained, the stability was 
reported to be much lower in two of these studies: 
either 1 .5-3 Chls were lacking (Yang et al. 1999), or 
no trimers could be formed (Rogl and Kiihlbrandt, 
1999). Remelli et al. found the loss of only one Chi a 
when A5 was mutated, whereas the number of Chi b 
molecules and xanthophylls per LHCII monomer 
did not change. 

Some controversial results were obtained when 
mutating A3 and B3. Yang et al. (1999) found a loss 
of approximately 1 Chi a and 1 Chi b upon changing 
B3 and it was suggested that binding a Chi at position 
A3 might require the presence of a Chi at position 
B3. Conversely, mutating A3 led to the loss of -0.5 
Chi a and -0.5 Chi b, suggesting that this site has no 
preference for binding either Chi a or Chi b. Also 
Remelli et al. concluded that the Chi at A3 was a Chi 



a in 50% of the cases and a Chi b in the other 50%. 
They found that mutation of B3 led to the loss of only 
one Chi per monomer, again a Chi a in 50% and a 
Chi b in the other 50% of the cases. Rogl and 
Kiihlbrandt concluded that both the Chls at A3 and 
B3 are Chi a, but they did not determine the Chi to 
protein ratio and could not be confident about the 
exact number of Chls present. The discrepancy might 
partly be related to disregarding the possibility of 
mixed binding sites. 

Rogl and Kiihlbrandt found that mutation of A4 
and A6 led to the formation of unstable trimers (for 
the latter mutant also no Neo was bound) and no 
conclusions were drawn about the identity of the 
corresponding pigments. Remelli et al. concluded 
that the Chi at A4 is a Chi a and that at B2 is a Chi b, 
whereas on average 1.5 Chi b and 0.5 Chi a are 
located at sites A6 and A7. Finally, they observed 
that mutation of site A 1 led to the loss of -1.5 Chi a, 
from which it was concluded that the Chls at Al and 
Bl, which are very close together, are both Chi a. 

In conclusion, the results of the three groups seem 
to agree in most cases and are consistent with the 
original ‘Kiihlbrandt assignment’ with a few 
exceptions: Bl probably binds a Chi a, sites A3 and 
B3 have each mixed character (0.5 Chi a and 0.5 
Chi b), and A6 and A7 together bind -1.5 Chi b and 
-0.5 Chi a. These conclusions agree with the results 
of some spectroscopic studies (see below). Even for 
trimeric and aggregated LHCII, where part of the 
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xanthophyll in the 4th position is supposed to be 
present, it was concluded that 1-2 Chls a per trimer 
are not in contact with a xanthophyll (Barzda et ah, 
2000). These Chls might correspond to the Chls at 
site B1 or B3. 

4. Chlorophyll-Xanthophyll Contacts 

It was found by Rogl and Kiihlbrandt (1999) and by 
Croce et al. (1999a) that in reconstituted complexes, 
where the B5 and B6 binding sites were mutated in 
such a way that no Chi could bind at these positions, 
50% less Neo was bound, indicating that Neo is 
located near these two Chi b pigments in the vicinity 
of helix C (helix 2). When LHCII is reconstituted 
without Neo, strong changes are observed in the 
Chi b regions of the absorption, circular dichroism 
(CD) and LD spectra (Croce et ah, 1999a,b). Much 
weaker changes occur in the Chi a region, which is 
understandable if most Chls a are relatively far away 
from Neo. Most Chi a molecules are probably located 
next to the central xanthophylls, although one is 
possibly located next to Vio in the 4^^ position. 
Evidence for this was given by Peterman et al. ( 1 997c), 
who detected an -^80% efficiency of Chi a to 
xanthophyll triplet transfer in monomeric LHCII 
(largely depleted of the xanthophyll at fourth binding 
site) and a significantly higher efficiency in trimeric 
LHCII (with partly occupied fourth binding site). 

Additional spectroscopic observations confirm this 
view. Sub-picosecond pump-probe experiments show 
that singlet excitation of Chi a (at 670 and 680 nm) 
leads to spectral changes at 494 nm (Lut) and 5 1 0 nm 
(Vio), whereas excitation of Chi b leads to a pro- 
nounced absorption change at 486 nm (Neo) 
(Gradinaru et al., 1998c). Similarly, absorbance 
detected magnetic resonance (ADMR) and flash- 
induced triplet-minus-singlet (T-S) spectroscopy 
showed that triplets on Lut (494 nm) and Vio (510 
nm) cause characteristic absorption changes in the 
Chi a Qy region, whereas similar features are absent 
in the Chi b Qy region (Carbonera and Giacometti, 
1992; van der Vos et al., 1994; Peterman et al., 1995, 
1997c; Naqvietal., 1997; Barzda etal., 1998). These 
experiments strongly indicate that most Chi a 
molecules are in contact with the central xanthophylls 
(mainly Lut), that one Chi a is possibly next to Vio at 
the 4^^ binding site, and that Neo is in contact with 
some Chi b molecules at sites B5 and B6. 
Xanthophyll-chlorophyll contacts can influence the 
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Chi lifetimes (Naqvi et al., 1997; van Amerongen 
and van Grondelle, 200 1 ) and might be important for 
regulatory processes. 

5. Xanthophyll Chlorophyll Singlet Energy 
Transfer 

Several experimental subpicosecond transient 
absorption studies have been performed with the aim 
of observing the energy transfer kinetics from 
xanthophyll to Chi in LHCII (Peterman et al, 1 997b; 
Connelly et al., 1997a,b; Gradinaru et al., 2000; 
Walla et al., 2000; Croce et al., 2001). In these 
studies, the xanthophyll ^ Chi energy transfer was 
observed to take place mainly within several hundreds 
of femtoseconds (fs). Together with the fact that 
extensive spectral overlap exists and a broad spectral 
window has to be probed, to disentangle many 
processes, this makes the experiments and their 
interpretation quite complicated. Several years ago, 
contradictory conclusions were reached about the 
identities of the Chls that accept the excitations. 
Connelly et al. (1997) excited LHCII from Arabi- 
dopsis thaliana at 475 and 490 nm at room temper- 
ature. Upon excitation at the latter wavelength, a 
component with a time constant of 142 fs was 
observed, and was attributed to direct energy transfer 
from xanthophyll to Chi b. Transfer from xanthophyll 
to Chi a appeared to be absent. These authors 
presented a model in which two Chi b molecules are 
close to the central xanthophylls. This particular 
model conflicts with other results (Section III.A.3). 
It should be noted that at the excitation wavelengths, 
besides Lut and Chi b, Neo also is expected to be 
excited, and Neo is in close contact with two Chi b 
molecules (see above). 

Excitation at 500 nm (mainly Chi b and Lut) 
showed rapid energy transfer (~220 fs) from a 
xanthophyll to a Chi a spectral form peaking around 
675 nm, whereas excitation at 5 14 nm (mainly Chi b 
and Vio at the fourth binding position) led to transfer 
to Chi a at 670 nm (Peterman etal., 1997b). No direct 
transfer from xanthophyll to Chi b was observed. 
Although the time resolution was not as high as in the 
study by Connelly et al. (1997a), Peterman et al. 
argued that only a small fraction of xanthophyll 
Chi b transfer could have been missed in the experi- 
ment. The contacts of both Lut and Vio with Chi a 
molecules with different absorption characteristics 
are in agreement with T-S results (van der Vos et al., 
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1991; Peterman et al, 1997c). Walla et al. (2000) 
concluded from one- and two-photon femtosecond 
experiments that transfer takes mainly place from 
xanthophyll to Chi a. Recently, Gradinaru et al. 
(2000) concluded from an elaborate subpicosecond 
transient absorption study on trimeric LHCII from 
spinach that Lut and Vio (i. e. the Xan with an 
absorption peak at 510 nm) transfer almost 
exclusively towards Chi a, whereas Neo transfers to 
Chi b. In a femtosecond transient absorption study 
on reconstituted LHCII monomers, Croce et al. (200 1 ) 
confirmed that the single Neo molecule transfers 
almost exclusively to Chi b. The two Lut molecules 
were found to transfer both to Chi b and Chi a. It was 
estimated that 40-50% of the excitations on the 
xanthophylls (both Lut and Neo) are transferred to 
Chi b. Given the fact that Neo transfers almost 
exclusively to Chi b, it must be concluded that in 
these experiments excitations from Lut are predom- 
inantly transferred to Chi a and that a fraction 
(between 10 and 25%) is transferred to Chi b. 
Therefore, the results of both groups are in fair 
agreement with each other (and with the pigment 
assignments given above). 

6. Chlorophyll b ^ Chlorophyll b and 
Chlorophyll a Singlet Energy Transfer 

The approximate rate of excitation energy transfer 
from Chi b to Chi a in LHCII was estimated by 
studying membranes from Chlamydomonas rein- 
hardtii with the use of fluorescence upconversion 
(Eads et al., 1989). The observed time constant was 
0.5 ± 0.2 ps. An additional slower component of 4 ± 
2 ps was observed (for isolated LHCII) in a transient 
absorption study by Kwa et al. ( 1 992b). The presence 
of at least two components was confirmed in 
subsequent studies by Du et al. (1994), Palsson et al. 
(1994) and Bittner etal. (1994, 1995). In more recent 
transient absorption studies, in which the entire 
region was probed, a more complete picture was 
obtained for the Chi b Chi a transfer. Visser et al. 
(1996) performed experiments at 77 K and observed 
transfer components of <300 fs (~40%), 600 fs 
(-40%) and ~6 ps (~20%) after exciting Chi b at 650 
nm, suggesting that one of the five Chi b molecules 
per monomeric subunit transfers energy much more 
slowly than the others, with a time constant well 
above 1 ps. Similar results were obtained by Connelly 
et al. (1997b) at room temperature, with transfer 



times (180 fs, 480 fs and 6ps) and relative 
contributions that were similar to those observed by 
Visser et al. (1996), although some variation was 
found for different preparations. The above- 
mentioned experiments were performed on trimeric 
LHCII. It was concluded by Kleima et al. (1997) that 
all observed transfer processes occur within a 
monomeric subunit: the distances between pigments 
on different monomers are simply too large to explain 
the subpicosecond transfer steps, whereas the slowest 
process is observed for both monomers and trimers 
(Kleima et al, 1997). Agarwal et al. (2000) applied 
three-pulse photon echo peak shift (3PEPS) 
measurements and found evidence for some Chi b 
Chi b energy transfer, but the relative amount, when 
compared to the amount of Chi b — > Chi a transfer, 
was not determined. 

We can summarize these results by concluding 
that most of the singlet excitations created either on 
xanthophyll or Chi b are transferred within one ps to 
Chi a molecules within the same monomeric subunit. 
Further transfer of singlet excitations then takes 
place almost exclusively between Chi a molecules. 

7. Chlorophyll a Chlorophyll a Singlet 
Energy Transfer 

In an early singlet-singlet annihilation study on LHCII 
aggregates from spinach by Gillbro et al. (1988) it 
was concluded that the average nearest-neighbor 
time for transfer between Chi a molecules is less 
than 5 ps. Later studies were directed at obtaining 
information about specific transfer steps out of the 
multitude of processes that are expected to take 
place. In a (polarized) transient absorption study at 
room temperature by Kwa et al. (1992b), transfer 
times ranging from < 2 ps to 1 5-35 ps were observed. 
The latter time was tentatively assigned to transfer 
between monomers. A relatively slow process of 13 
ps also was observed by Mullineaux et al. (1993) in 
a photon-counting study, although it was clear that 
faster processes also should be present. This was 
confirmed by Palsson et al. (1994), who observed 
times of ~2 ps and 10-20 ps. Savikhin et al. (1994) 
found transient absorption depolarization times 
ranging from 5 ps at room temperature to many tens 
of picoseconds at cryogenic temperatures, whereas 
Bittner et al. (1995) found a '^14 ps spectral 
equilibration above 670 nm at 12 K. All these studies 
had in common that energy transfer was observed on 
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a time scale significantly longer than 1 ps, which was 
more or less the upper limit for transfer from 
xanthophyll and Chi b towards Chi a. 

An extensive study of the Chi a Chi a transfer 
kinetics in trimeric LHCII was performed by Visser 
et al. (1996, 1997) at 77 K. At this temperature the 
absorption spectrum shows an increased fine structure 
with respect to room temperature, which allows more 
detailed observations. It was shown that excitation at 
663 nm gave rise to a ps transfer time, whereas 
excitation around 670 nm led to transfer steps of 
'^400 fs and '^15 ps. Similar experiments were 
performed by Gradinaru et al. ( 1 998b) on monomeric 
LHCII at 77K. In general, the results were comparable 
to those observed on trimers but additional details 
were resolved. Excitation at 663 nm showed a transfer 
time of 5 ± 1 ps towards longer wavelength pigments 
and it was argued that this transfer originated from 
only one Chi a pigment. After excitation at 669 nm, 
two downhill transfer times of 300 fs and 12 ps were 
observed, while excitation towards longer wave- 
lengths revealed at least one other picosecond 
component. Thus, it is clear that even within a 
monomer some ‘slow’ processes are present. Recent 
3 PEPS measurements at room temperature gave Chi 
a equilibration times ranging from 300 fs to 6 ps 
(Agarwal et al., 2000). 

It was recently discussed that the large variation in 
observed transfer times (hundreds of fs to over 1 0 ps) 
can be explained by energy transfer within the 
monomeric subunits (van Amerongen and van 
Grondelle, 2001). The spread in transfer times is, to 
a large extent, explained by large variations in the 
pigment-pigment distances and their relative 
orientations and to a lesser extent by a variation in 
site energies. 

8. Singlet Excitation Energy Transfer 
throughout and between LHCII Trimers 

Most of the ultrafast measurements mentioned above 
focus on individual excitation energy transfer steps, 
which can be monitored if the Chi a molecules that 
are involved have slightly different absorption 
characteristics. In other words, spectral equilibration 
is monitored. For the overall light-harvesting process, 
however, it is also important to study transfer between 
spectrally identical pigments (for instance on different 
monomeric subunits or trimers), which gives rise to 
spatial equilibration. This subject can be addressed 
by singlet-singlet (S-S) annihilation experiments. In 
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S-S annihilation studies usually intense (sub)pico- 
second laser pulses are used to excite a sample. Due 
to these intense pulses, several singlet excitations 
can be created simultaneously in a photosynthetic 
complex. While migrating through the complex, these 
excitations can end up on the same molecule, which 
leads to the loss of one singlet excitation (annihilation) 
due to internal conversion (IC). The process of IC is 
extremely fast and occurs on a time scale of '^100 fs. 
Studying the annihilation kinetics can provide 
information about the speed of excitation transfer 
throughout the domain (van Amerongen et al., 2000). 
Because xanthophyll or Chi b to Chi a excitation 
transfer is extremely fast and essentially unidirectional 
(see above), only transfer between Chi a molecules is 
important for the annihilation process. 

Bittner et al. (1994) performed S-S annihilation 
experiments on trimeric LHCII and fitted the 
annihilation process with an exponential decay with 
a time constant of 28 ps. Barzda et al. (200 1 ) obtained 
an annihilation rate for trimers of (24 ps)~^ at room 
temperature. The annihilation experiments were also 
performed on lamellar aggregates of LHCII. After 
normalizing the annihilation rate to the annihilation 
rate per trimer, a value of (16 ps)"^ was obtained 
(Barzda et al., 2000). Loosely speaking, this means 
that in an aggregate of X trimers it takes on average 
Ax 16 ps before two Chi a excitations meet. If one 
excitation is replaced by a stationary trap, for instance 
a triplet, this average time would double to Ax 32 ps. 
This time is the spatial equilibration time (first passage 
time or migration per excitation. The time of 
32 ps in one trimeric LHCII complex is actually 
remarkably slow. For instance, in the PS I core 
complex the entire trapping process (resulting in 
primary charge separation) takes only ~23 ps (van 
Grondelle et al., 1994), although the number of Chi 
a molecules is '^4 times higher than in trimeric 
LHCII. Moreover, the rate-limiting step for trapping 
in PS I is probably transfer to the trap, meaning that 
spatial equilibration in the antenna occurs on a much 
faster time scale than in LHCII. The difference in the 
average Chi a to Chi a transfer times in LHCII and 
PS I is probably caused by the different Chi a densities 
in the two complexes. It was recently illustrated that 
the observed annihilation rate is in reasonable 
agreement with the pigment assignment given above 
and the previous results from polarized and ultrafast 
experiments (Van Amerongen and Van Grondelle, 
2001 ). 
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B. Minor Peripheral Antenna Complexes 
(CP29, CP26, CP24) 

1. General Features 

Besides the major trimeric peripheral antenna 
complexes LHCII, the outer antenna of PS II also 
contains the ‘minor’ complexes CP29, CP26, CP24. 
These proteins show large homology with LHCII, 
especially regarding the Chi binding sites, and bind 
approximately 8-10 Chls (a and b), besides several 
xanthophylls (Table 2). They also share many 
spectroscopic properties with LHCII (Zucchelli et 
ah, 1994) and their overall fold is thought to be 
similar to that of LHCII (Green and Kuhlbrandt, 
1995; Sandona et al., 1998). In general, one copy of 
each protein is found per PS II RC and together the 
minor complexes bind 15% of the Chls in PS II. 
Therefore, their role in light harvesting seems to be 
less pronounced than that of LHCII, although their 
role in regulatory mechanisms can be important in 
view of the location close to the PS II core (Section 
IVC). A possible role of these complexes in regulatory 
mechanisms is strengthened by the finding that a 
larger fraction of Vio is converted to Zea in CP26 and 
CP29 than in trimeric LHCII (Wentworth et al., 
2000). In addition, CP26 and CP29, but not LHCII or 
CP24, bind DCCD, an inhibitor of non-photochemical 
quenching (Ruban et al., 1992; Pesaresi et al, 1997). 
The DCCD binding site of CP29 is probably also 
involved in the binding of Ca^^ ions, suggesting a 
photophysical role (Jegerschold et al., 2000). 

2. CP29 

For a long time knowledge about the minor complexes 
lagged behind that of LHCII because of problems in 
isolating sufficient amounts of pure and intact protein. 
However, a large amount of information has recently 
become available due to the expression of the CP29 
apoprotein in E. coli, and the successful reconstitution 
of a complex (rCP29) that is almost Indistinguishable 
from native CP29 (nCP29) from maize (Giuffra et 
al., 1996; Sandona et al., 1998). 

Six of the Chi binding sites that were identified in 
LHCII are identical in CP29. Moreover, the site B6 
for Chi is a Gin in LHCII and a Glu in CP29, 
whereas site A2 is an Asn in LHCII and a His in 
CP29, also potential chlorophyll-binding ligands 
(Bassi et al., 1999). These eight sites presumably 
bind the eight Chls in CP29. In a detailed study, all 



the binding amino acids were selectively mutated to 
non-binding residues to study the Chi identities and 
their spectroscopic properties (Bassi et al., 1999). 
nCP29 from maize binds six Chls a and two Chls b. 
Mutating site A2, A4 or A5 led to the loss of one 
Chi a molecule, whereas mutating site A3, B3, B5 or 
B6 did not lead to the loss of only one type of 
pigment. Therefore, the latter were referred to as 
mixed sites. No stable complex could be obtained 
when site A 1 was mutated, but from indirect evidence 
it was concluded that Al binds Chi a (Bassi et al., 
1999). Despite the fact that some sites may show 
mixed occupancy, there is a remarkable ‘plateau 
region’ where variation of the Chi a to Chi b ratio in 
the reconstitution mixture does not lead to variation 
in the ratio within the complex. This suggests that a 
Chi a at one mixed binding site preferentially sits 
next to a Chi b on the neighboring binding site (and 
vice versa). A significant decrease of the Chi a to 
Chi b ratio in the reconstitution mixture did result in 
a decrease of the Chi a to Chi b ratio in the complex, 
but the opposite was not possible, i.e., a large increase 
of the Chi a to Chi b ratio could not be achieved 
(Giuffra et al., 1997). Similar results were obtained 
for LHCII (Kleima et al., 1 999) and CP24 (Pagano et 
al., 1998), but one Chi a molecule appeared to be 
necessary for stable trimeric LHCII and stable CP24. 
Recently, it was reported that LHCII can also be 
reconstituted without any Chi a (Schmid et al., 200 1 ). 

It is interesting to compare the Chi identities in 
CP29 to those in LHCII (Table 4). Sites Al, A2, A4 
and A5 presumably bind Chi a in both proteins, 
whereas A3 and B3 consistently are mixed sites. 
However, sites B5 and B6 are thought to bind 
exclusively Chi b in LHCII. When the Glu of site B6 
in CP29 is changed into a Gin, the amino acid found 
here in LHCII, a relative increase in the amount of 
Chi b is observed, and when the Gin of (reconstituted) 
LHCII is changed into a Glu, an increased amount of 
bound Chi a is found (Bassi et al., 1999). These 
results indicate that the difference in binding 
preference for Chi a or Chi b is at least partly 
determined by the nature of the amino acid at site B6 
(Gin or Glu). 

nCP29 from maize binds 0.9 Lut, 0.5 Neo and 0.6 
Vio per complex and rCP29 can be prepared with 
similar xanthophyll contents (Bassi et al., 1999). It 
was found that the mutation El 66V leads to the loss 
of 1 xanthophyll in rCP29 in a site called L2 (Bassi et 
al., 1 999). The resulting complex after reconstitution 
contains 0.84 Lut, 0.04 Neo and 0. 12 Vio, indicating 
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that one site (LI) is predominantly occupied by Lut 
while the other site has a mixed character, not crucial 
for refolding. The occupancy of the xanthophyll 
binding sites appears to be slightly different in CP29 
from spinach, where 0.7 Lut, 0.6 Neo and 0.7 Vio 
were observed per complex (Pascal et al., 1999), or 
1 .0 Lut, 0.6 Neo and 1 .3 Vio (Ruban et al., 1 999), one 
more xanthophyll than observed by the other groups. 

In analogy with LHCII (see above), CP29 has a 
496 nm absorption band at cryogenic temperatures 
that is probably due to Lut and Vio, whereas a 
smaller peak at 483 nm can be ascribed to Neo 
(Pascal et al., 1999). The absorption spectrum of 
CP29 in the region is dominated by the absorption 

of Chi a, but at cryogenic temperatures Chi b bands 
are clearly revealed at 638 and 650 nm (Zucchelli et 
al., 1994; Pascal et al. 1999). The Chi b bands also 
contribute in a pronounced way to the CD and LD 
spectra. Bassi et al. (1999) tried to correlate the 
individual absorption bands with specific Chls by 
comparing the absorption spectra of reconstituted 
complexes with and without mutated binding sites. 
Sites A2, A4 and A5 were associated with Chi a 
absorption bands at 680, 676 and 675 nm, respectively. 
Mutation of mixed sites led to clear changes in both 
the Chi a and Chi b spectral regions: B3 (639 and 679 
nm), A3 (638 and 668 nm), B5 (650 and 678 nm) and 
B6 (652 and 678 nm). Subsequently, it was concluded 
that Chi Al most likely absorbs around 669 nm. 
These assignments should be considered with some 
caution. The removal of specific pigments may induce 
changes of the absorption of the remaining pigments 
due to changed excitonic interactions (pigment- 
pigment interactions) or conformational changes 
(pigment-protein interactions) (Van Amerongen and 
Van Grondelle, 2001). This might be the reason for 
the apparent discrepancy with a sub-ps pump-probe 
study, in which CP29 was excited at 77 K, at either 
640 or 650 nm (Gradinaru et al. 1 998a). Excitation at 
640 nm was followed by transfer (time constant ^^350 
fs) to a relatively ‘red’ Chi a whereas excitation at 
650 nm was followed by transfer to a relatively ‘blue’ 
Chi a (time constant 2.2 ps), i.e., just opposite to 
what one might expect from the work of Bassi et al. 
(1999). Also from hole-burning measurements it 
was concluded that transfer from the ‘red’ Chi b is 
slower than transfer from the ‘blue’ Chi b (Pieper et 
al., 2000). 

Most of the Chls a contribute to the absorption 
band around 676 nm. Although the absorption peak 
of Chi A2 is possibly at lower energy than those of 
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the other Chls, the energetic separation is relatively 
small. This is in agreement with recent fluorescence 
line-narrowing experiments, where it is observed 
that the fluorescence at 4 K arises from at least 3 
different Chi a molecules (Pascal et al., 2000). This 
is readily explained by the fact that the spacing of the 
energy levels of different pigments is less than the 
inhomogeneous spread in energy of the individual 
pigments, a situation that is similar to that of LHCII 
(Peterman, 1997a; Pieper et al., 1999a,b). 

Nonpolarized sub-ps pump-probe spectroscopy 
has also been applied in the Chi a region (Gradinaru 
et al., 1998a). Due to the overlap of the absorption 
bands only two transfer processes could be observed, 
a very fast one of '^300 fs and a much slower process 
of 10-13 ps. In view of the rather isolated position of 
the Chi pair at sites A3-B3, it seems most likely that 
the latter process reflects transfer from the Chi a of 
this pair to the pool of other Chi molecules. 

3. CP26andCP24 

Various results have been reported for the pigment 
composition of CP26. Chi a/Chl b ratios of 3.3 (van 
Amerongen et al., 1994b), 2.5 (Ruban et al., 1999) 
and 2.2 (Dainese and Bassi, 1991) were found. 
Comparison of the low-temperature absorption 
spectrum of CP29 and CP26 (Zucchelli et al., 1994) 
shows relatively more absorption in the Chi b region, 
indicating that the Chi a/Chl b ratio is smaller for 
CP26 than for CP29, where it is close to 3.0. Several 
papers have described spectroscopic properties of 
CP26 (Jennings et al., 1993a,b; van Amerongen et 
al., 1994; Zucchelli etal., 1 994;), and the LD and CD 
spectra in the Qy region resemble to a large extent 
those of CP29 (Pascal et al., 1999), indicating a 
similar chlorophyll organization. In the Soret region 
clear differences are observed, probably because of 
differences in the xanthophyll composition and/or 
location. Ruban et al (1999) proposed that CP26 
strongly binds (at least) one Lut in the center, and 
that a Neo binds at a similar site as the Neo in LHCII, 
whereas a Vio molecule is bound loosely at a 
peripheral position. Ros et al. (1998) reconstituted 
CP26 after overexpression of the apoprotein in E. 
coli. They were not able to obtain a Chi a/Chl b ratio 
higher than 1 .4, whereas it appeared to be possible to 
obtain a reconstituted complex without any Chi a. 
More recently, reconstituted CP26 was obtained with 
6 Chi a, 3 Chi b, 1 Lut, 0.55 Neo and 0.45 Vio per 
complex (Frank et al., 2000). 
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Isolation and purification of CP24 is a difficult 
task. Pagano et al. (1998) were able to reconstitute 
CP24 after overexpression of the apoprotein in E. coli. 
The spectroscopic properties and pigment compo- 
sition were compared to those of the isolated wild- 
type complex. They found a Chi a to Chi b ratio of 
1 .2 for the isolated complex, whereas values varying 
from 0.9 to 1.6 had been observed before. Recon- 
stituted complexes with a Chi a to Chi b ratio of 0. 12 
to 1 .4 could be obtained when the pigment compo- 
sition of the reconstitution mixture was varied. The 
absorption and CD spectra of the complexes with a 
ratio of 1.0 resembled those of the isolated CP24. 
Taking into account the sensitivity of the ratio in the 
complex to the ratio in the reconstitution mixture, 
which again had a ‘plateau region’ , it was argued that 
CP24 most likely contains 5 Chls a, 5 Chls b and 2 
xanthophylls (Lut and Vio). 

C. Other Proteins Associated with the 
Peripherai Antenna 

There are at least two other types of PS II proteins 
that belong to the group of nuclear-encoded Chi a/b 
binding proteins and are related to trimeric LHCII 
(Section III. A) and the minor peripheral antenna 
complexes (Section III.B). The first type is formed 
by the group of early light-inducible proteins (ELIPs). 
These proteins are transiently induced during 
greening or during the exposure to light stress, and 
show significant sequence homology with LHCII 
(Grimm et al, 1989), in particular in the regions of 
the transmembrane helices A and B (Fig. 1). A first 
report on the isolation and purification of a 17 kDa 
BLIP from pea has appeared recently and a 
preliminary spectroscopic characterization was 
presented (Adamska et al., 1999). The protein was 
found to bind lutein and Chi a in a ratio of about 2:1. 
The emission and excitation spectra reported in this 
paper, however, suggest that the pigments are bound 
differently than in LHCII, despite the presence of at 
least four conserved putative chlorophyll-binding 
amino acid residues. The chlorophylls emitted at 674 
nm, which is close to the emission wavelength of free 
Chi a and about 6 nm blue-shifted compared to that 
of all trimeric and monomeric LHCII proteins. In 
addition, the xanthophylls did not transfer any 
excitation energy to Chi a, which is in clear contrast 
to LHCII and very unlikely for a functional light- 
harvesting protein (see above). 

The second type of protein is the PSII-S protein. 



which is encoded by the nuclear PsbS gene. This 
protein has recently gained increased attention, 
because its presence in thylakoid membranes seems 
to be directly related to the physiologically highly 
important process of non-photochemical quenching 
(Li et al., 2000), by which excess excitation energy is 
harmlessly converted into heat. The protein is 
characterized by four membrane-spanning helices 
(Wedel et al., 1992; Kim et al, 1992), i.e., one more 
than most other proteins of this family, and is probably 
very hydrophobic. The protein is found in grana 
membranes, but its location relative to other proteins 
is unclear. A number of reports have suggested that it 
should be located between the PS II core and the 
peripheral antenna (Kim et al., 1 994), but the evidence 
is indirect and needs confirmation by other methods. 
Biochemical studies have indicated that the C 2 S 2 
PSII-LHCII complexes (Section IVC) are depleted 
of the PSII-S protein (Hankamer et al., 1 997b; Harrer 
etal., 1998;Eshaghi etal., 1999; Nieldetal. ,2000c). 
EM studies on PSII-LHCII super- and megacom- 
plexes and semi-crystalline grana membrane 
fragments from wild-type Arabidopsis thaliana and 
from the npq4 mutant lacking the PSII-S protein 
have suggested that the PSII-S protein is not located 
in the direct vicinity of the PSII-LHCII super- 
complexes and most likely is located in the LHCII- 
enriched regions of the grana membranes (Yaku- 
shevska et al., 2001a). 

It presently is not clear whether or not the PSII-S 
protein binds pigments. It is now generally agreed 
that the protein is stable in the absence of chlorophylls 
and carotenoids (Funk et al., 1995b). The PSII-S 
protein differs in this respect from the light-harvesting 
proteins of the Cab-gene family, which require 
pigments in order to fold to their native conformations 
(Paulsen, 1995). Research by Funk and co-workers 
has indicated that the PSII-S protein is a chlorophyll- 
binding protein (Funk et al., 1994, 1995a), but spec- 
troscopic research in our laboratory suggests that the 
chlorophylls and carotenoids are not bound to the 
protein in these preparations in a similar way as in 
the light-harvesting proteins of the Cab-gene family, 
and instead show all the characteristics of loosely or 
unspecifically connected pigments (E. J. G. Peterman 
and C. Funk, unpublished). It has been suggested 
that the PSII-S protein transiently binds pigments in 
order to reduce the presence of free Chi in the 
membranes (Paulsen, 1 995), which can be dangerous 
because of its ability to generate singlet oxygen (see 
above). However, for such a protein one expects an 
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Fig. 2. A) side view and B) top view of the pigments of a PS II monomer, obtained from the dimeric PS II core complex from 
Synechococcus elongatus (Zouni et ah, 2001). The chromophores bound to CP47 and CP43 are depicted in black, while those bound to 
D1/D2 are depicted in grey. The numbers correspond to the numbers deposited in the Protein DataBank (accession number IFEl). All 
depicted chromophores have been identified as Chi a, except for numbers 17 and 18, which are Ph a molecules. The numbers of the 
chromophores in grey correspond to: 13 = P^i, 14 = Pd 2 , 15 = Chloi, 16 = Chl£) 2 , 17 = Pheo^i, 18 = Pheoo 2 , 19 = Chlzoi, 20 = ChlzQ 2 
(nomenclature from Zouni et ah, 2001). 



efficient quenching of Chi a triplets, and even this 
was not observed in the isolated complex (E. J. G. 
Peterman and C. Funk, unpublished). Overexpression 
ofthe gene inE. coli and ‘reconstitution’ experiments 
should shed more light on this issue. 

D. CP47 and CP43 

It has long been thought that CP47 and CP43 each 
form six transmembrane a-helices in the thylakoid 
membrane and that conserved histidine residues in 
these helices provide the ligands for most of the 
chlorophylls (Bricker, 1990), suggesting an organi- 
zation of the chlorophylls in two layers near the two 
surfaces of the membrane. The recent structural data 
(Zouni et al., 2001) clearly support this view (Fig. 2), 
and in addition suggest an evolutionary relationship 
between the core antenna proteins of PS II and PS I 
(Schubert et al., 1998). Both proteins bind 
approximately 14 chlorophyll a molecules (Barbato 
et al., 1991; Rhee et al., 1998). The center-to-center 
distances between the nearest chlorophylls range 
between8.5 and 13.5 A(Zouni etal., 2001). The only 
other chromophore is /3-carotene, of which at least 
two molecules are present in both core antenna 
proteins. 

Both CP47 and CP43 have been isolated and 
purified in non-ionic detergents with the preservation 
of most of their spectroscopic features. The CP43 
core antenna protein binds less strongly to the PS II 
RC complex than CP47, and can be separated from 



the RC by a mild detergent treatment. It binds only 
weakly to anion-exchange columns, and a relatively 
high pH is required to separate the complex from 
free chlorophylls and other contaminations (Dekker 
et al., 1 995). The CP47 protein can be separated from 
the PS II RC complex by a treatment with 
dodecylmaltoside and LiC 104 (Ghanotakis et al., 
1 989). This treatment appears to preserve the spectral 
properties ofCP47 relatively well (Kwaetal., 1992a). 

The 4 K absorption spectra of both proteins reveal 
major spectral forms peaking near 682, 678, 669 and 
661 nm. The room-temperature absorption spectrum 
of CP43 peaks at shorter wavelengths than that of 
CP47 (670 nm vs. 675 nm), probably because the 
669 nm spectral form has a greater oscillator strength 
in CP43 than in CP47. Each protein has a unique and 
very characteristic spectroscopic feature at low 
temperatures. For CP43 this is the extremely sharp 
absorption peak at 682.5 nm (Breton and Katoh, 
1987; Dekker et al., 1995), which probably has a 
bandwidth (fwhm) of not more than 2.7 nm at 4 K 
(Groot et al., 1999) and which is, to our knowledge, 
the narrowest chlorophyll absorption peak observed 
in any Chl-containing complex. The narrow band 
and a much broader band peaking at about 680 nm 
form two different red-most transitions in CP43 
(Groot et al., 1999; Jankowiak et al., 2000). A clear 
peak near 682.5 nm was also observed in the 4 K 
absorption spectrum of a well-resolved PS II core 
preparation (Van Leeuwen, 1 993). The CP47 complex 
gives rise to a minor spectral form peaking near 690 
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nm (Chang et al., 1994; Groot et ah, 1995), which 
also has been observed in PS II core complexes. The 
Qy transition of this spectral form is perpendicular to 
the plane of the membrane (van Dorssen et ah, 
1987b), unlike that of most other ‘red’ spectral forms, 
which usually are oriented parallel to the plane of the 
membrane. The 690 nm spectral form is largely 
responsible for the well-known F695 fluorescence 
band of PS II at 77 K, and has a relatively broad 
bandwidth (fwhm -^10 nm), which is primarily 
determined by inhomogeneous broadening (Den 
Hartog et al., 1998). Both the 690-nm band of CP47 
and the sharp 682.5-nm feature of CP43 probably 
arise from a state with an oscillator strength 
corresponding to that of only one chlorophyll (van 
Dorssen et al., 1987a; Groot et al., 1999), however it 
is not likely that both features reflect chlorophylls in 
corresponding positions in the two proteins, because 
the orientations are clearly different. A number of 
spectroscopic observations have suggested that 
excitonic coupling plays an important role in CP47 
and CP43 (Groot et al., 1995; Groot et al., 1999). 

In contrast to all other major PS II proteins, the 
core antenna proteins CP47 and CP43 have not been 
investigated in detail by ultrafast spectroscopy. A 
single-photon timing study of CP47 was reported by 
De Paula et al. (1994), but the time resolution of the 
experiments was not sufficient to reveal much detail 
of the energy transfer dynamics. Recent experiments 
indicated that most of the energy transfer dynamics 
at 77 K occurs within 2-3 ps in both complexes (de 
Weerd et al., 2002). 



IV. Reaction Center Containing 
Photosystem II Complexes 

A. The Isolated Photosystem II Reaction Center 

1. Biochemistry and Structure 

The biochemical isolation and purification of the 
Photosystem II reaction center (PS II RC) was first 
reported in 1987 by Nanba and Satoh (1987). Their 
widely followed method makes use of the fact that 
the RC complex is the most stable of all pigment- 
protein complexes of PS II membranes in the presence 
of the moderately deleterious detergent Triton X- 1 00 
and binds most strongly to anion-exchange columns. 
Thus, a relatively simple isolation procedure is 
employed: PS II membranes are solubilized by Triton 



X-100, after which the pigment-protein complexes 
are bound to an anion-exchange column, washed 
with Triton X- 1 00 and exchanged for a mild detergent 
like dodecyl-j8,D-maltoside (j8-DM) to obtain 
preparations with optimal stability (Satoh, 1996). It 
is also possible to isolate the PS II RC without the use 
of Triton X-IOO by applying a combination of 
dodecylmaltoside and LiClO^ (Ghanotakis et al., 
1989; Eijckelhoff et al., 1996) and to obtain a PS II 
RC preparation with a lower chlorophyll content (see 
below) by using Cu ^^-affinity chromatography (Vacha 
etal, 1995). 

It is now commonly accepted that isolated PS II 
RCs consist of equimolar amounts of the D1 and D2 
subunits, the a- and /3-subunits of cytochrome b-559 
and the Psbl gene product (Satoh, 1996). PS II RC 
complexes from green plants isolated without Triton 
X-100 also contain about equimolar amounts of the 
poorly stainable PsbW gene product, whereas 
complexes isolated with Triton X-100 contain only 
sub-equimolar amounts of this protein (Eijckelhoff, 
1997; Shi and Schroder, 1997). D1 and D2 show 
amino acid sequence homology with the L and M 
subunits of purple bacterial reaction centers (Michel 
and Deisenhofer, 1988), in line with the idea that 
both RCs are of the same type, and bind the organic 
co-factors that are involved in the primary charge 
separation reactions (chlorophyll a, pheophytin a, 
plastoquinone). The function of the other subunits, 
however, is largely unknown. 

Highly purified PS II RCs bind 6 Chi a, 2 Ph a and 
2 j6-Car molecules (Eijckelhoff et al, 1996; Zheleva 
et al., 1996), i.e., they bind two chlorophylls and one 
carotenoid more than the related bacterial RCs. The 
only reliable method reported thus far to obtain a 
lower Chi content is based on Cu^^-affinity 
chromatography, which gives PS II RCs binding 5 
Chi a, 2 Ph a and 1 jS-Car molecules (Vacha et al., 
1995). In this preparation, one of the peripheral Chi 
molecules (Chl-Z^ j or see below) is missing. 

The /3-Car molecules have been reported to be either 
in the 15-cA (Bialek-Bylka et al., 1995) or dW-trans 
conformation (Yruela et al, 1998). Part of the /3-Car 
can be released from the complex by washing with 
Triton X-100 (De las Rivas et al, 1993; Eijckelhoff 
etal, 1996), suggesting a location near the periphery 
of the complex. Isolated PS II RC complexes do not 
contain plastoquinone (Nanba and Satoh, 1987). 

The 3.8 A structure of the PS II core complex 
(Zouni et al, 2001 ; Fig. 2) indicates that in the center 
of the complex 4 Chi a and 2 Ph a molecules are 




236 

located in similar positions and orientations as the 
corresponding molecules in the purple bacterial 
reaction center (except that the Chi molecules 
constituting the ‘special pair’ are observed at a larger 
Mg-Mg distance of 10 A), and that two additional 
Chi a molecules (called Chl-Z^^j and Chl-Zj 32 ) are 
bound near the periphery of the complex, ligated to 
the conserved histidines at positions 118 and 1 17 of 
D1 and D2, respectively. These chlorophylls are 
located at 23 .7 and 23 .9 A from the nearest pheophytin 
molecules and at 24.5 and 24.6 A from the ‘accessory’ 
chlorophylls (Zouni et al., 2001; Table 4). Ch\-Z^^ is 
probably important for an efficient flow of excitation 
energy from the core antenna to the photochemical 
reaction center (Lince and Vermaas, 1998), while 
Chl-Zpj can be photooxidized with low yield in PS II 
core complexes at low temperature (Stewart et al., 
1998). One cytochrome b-559 molecule was also 
identified in the 3.8 A structure (Zouni et al., 2001). 
It is located near D2 at the periphery of the PS II core 
complex, and the nearest chlorophyll is ChX-Z^^ ^ 
center-to-center distance of 27 A. 

2. Spectroscopy 

Despite the rather similar organizations of the central 
four chlorophyll and two pheophytin molecules in 
the RCs of PS II and purple bacteria, the absorption 
spectra are strikingly different. In the purple bacterial 
reaction center, the absorption bands of the low- 
exciton band of the special pair (880 nm), the 
accessory chlorophylls (800 nm) and the pheophytins 
(770 nm) are clearly separated. In addition, the higher- 
energy exciton band of the special pair is known to 
contribute to the low-energy side of the 800 nm 
band. In PS II, however, the transitions of all 
chlorophylls and pheophytins occur at about 675 nm, 
and only at cryogenic temperatures can some fine 
structure in the absorption spectrum be observed 
with bands peaking near 670 and 679 nm and a 
shoulder at 683 nm. 

There is some evidence that the peripheral 
chlorophylls absorb maximally on the ‘blue’ side of 
the Qy absorption (670-675 nm), and that all ‘red’ 
absorption (679-683 nm) is caused by the central 
four chlorophylls and two pheophytins of the complex 
(Dekker and van Grondelle, 2000; Germano et al., 
2001), though at least in cyanobacteria one of the 
‘special pair’ chlorophylls may absorb at slightly 
shorter wavelength (Diner et al., 200 1 ). An important 
issue is the strength of the excitonic interactions in 
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the PS II RC. Based on the discovery of a differently- 
oriented high-energy exciton component of P680 at 
667 nm (Kwa et al., 1 994) a model has been proposed 
in which the coupling between the six central chlorins 
is relatively weak (about 100 cm~^)^ and of similar 
magnitude as the intrinsic disorder (Durrant et al., 
1995). In this so-called ‘multimer’ model there is no 
‘special pair’ and for each realization of the disorder 
the excitation may be localized on basically any 
combination of neighboring chlorins. It is not difficult 
to imagine that at sufficiently low temperatures such 
a system shows a very complex behavior. In some 
RCs the excitations become localized on pigments 
involved in fast charge separation (P680), while in 
other RCs the excitations become localized on 
pigments not active in fast electron transfer (the so- 
called ‘trap’ state) (Groot et al., 1994, 1996). 

3. Energy Transfer and Trapping 

The kinetics of energy transfer and trapping have 
been studied by several groups using both ultrafast 
absorbance-difference and fluorescence techniques. 
After some intense debates in the literature, it seems 
now generally accepted that primary charge 
separation reactions at room temperature are strongly 
multiphasic with main components of about <1,8, 
20 and/or 50 ps (Muller et al., 1996; Donovan et al., 
1997; Greenfield et al., 1997; Klug et al., 1998). 
Thus, the formation of the primary radical pair takes 
more time in isolated PS II RCs than in bacterial 
reaction centers, where the average formation time 
of the primary radical pair is shorter than 10 ps. 

The primary photosynthetic reactions in the PS II 
RC have recently been reviewed (Dekker and van 
Grondelle, 2000) and interpreted in terms of A) 
energy transfer, B) charge separation, C) charge 
stabilization and D) relaxation (protein conform- 
ational change) (Fig. 3). In this view, the energy 
transfer processes (A) proceed predominantly in two 
time domains. The transfer of excitation energy within 
the six central chlorins of the RC probably is ultrafast, 
with time constants of ~ 100 and '^500 fs (Durrant et 
al., 1992; Merry et al., 1996), whereas the energy 
transfer from the peripheral chlorophylls to the central 
core occurs much more slowly, in about 20-30 ps 
(Roelofs et al., 1993; Rech et al., 1994; Schelvis et 
al., 1994). At least part of the primary charge 

^ An occurrence of low- and high-energy exciton bands at 679 (or 
683) and 667 nm, respectively, eorresponds to a maximal coupling 
strength of 130 (or 175) cm^' (in the ease of a dimer). 
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Energy Transfer 




Fig. 3. Schematic representation of the energy transfer, primary 
charge separation, stabilization and relaxation reactions in the 
PS II RC (adapted from Dekker and van Grondelle, 2000). For 
details see text. 



separation (B) is thought to occur within less than 1 
ps but with a low yield, because the equilibrium 
between singlet-excited P680 and the primary radical 
pair is probably towards the singlet-excited states 
(Blomberg et al, 1998). The ultrafast part of this 
reaction probably starts from the singlet-excited 
‘accessory’ Chi on the active branch (Dekker and 
van Grondelle, 2000), which has been shown to 
transfer an electron rapidly to the neighboring BPh 
in purple bacterial reaction centers (Van Brederode 
and van Grondelle, 1999). Charge separation starting 
from the ‘special pair’ Chi on the active branch 
probably occurs in reaction (C), in which a charge 
stabilization reaction also may occur by electron 
transfer from a ‘special pair’ Chi to the ‘accessory’ 
Chi that was oxidized in reaction (B). If the charge- 
separated state with the cation on the ‘special pair’ is 
lower in free energy than the state with the cation on 
the ‘accessory’ chlorophyll, as is usually the case in 
bacterial reaction centers (van Brederode and van 
Grondelle, 1999), then this electron transfer will 
shift the equilibrium between the excited state and 
the radical pair towards the radical pair and result in 
a stabilization of the charge-separation reaction. It 
has been suggested that this process occurs in about 
eight ps (Dekker and van Grondelle, 2000). Slow 
relaxation reactions (D) of the radical pair may 
proceed by conformational changes of the protein, 
induced by the creation of the two charges 
(Konermann et al., 1997), and are most likely 
responsible for the ^50 ps kinetics. 

At very low temperatures the charge stabilization 
reaction (C) may not occur to a significant extent, 
and the uphill parts of the energy transfer (A) and/or 
Initial charge separation reactions (B) may slow 
down considerably. Both processes proceed between 
almost isoenergetic states, which in view of the 
disorder means that they can proceed slightly downhill 
in some complexes (and thus are fast and weakly 
dependent on temperature) and slightly uphill in 
other complexes (and thus become retarded 
significantly at very low temperatures). 

B. Photosystem II Core Complexes 

The smallest PS II unit fully capable of maintaining 
high rates of oxygen evolution and plastoquinone 
reduction is the PS II core complex. In this complex 
all constituents of the PS II RC complex are present, 
as well as the core antenna proteins CP47 and CP43, 
the extrinsic PsbO protein indirectly involved in 
water oxidation, and a number of low-mass proteins 
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(Bricker and Ghanotakis, 1996). Also all inorganic 
cofactors required for oxygen evolution are present. 
Of all low-mass PS II proteins, a possible function is 
only known for the PSII-L subunit. This protein 
seems to be required for efficient electron transport 
from Tyr-Z to P680^ (Hoshida et al., 1997). 

There is overwhelming evidence that the PS II 
core complex is organized as a dimer in the stacked, 
appressed regions of the thylakoid membrane. 
Although monomeric complexes are generally 
slightly less stable and active, it is clear that the 
dimerization is not required for photochemical 
activity (Dekker et al., 1988). Highly purified PS II 
core complexes bind about 35 Chi a, 2 Ph a and 6-10 
jS-Car molecules per monomeric unit (Barbato et al., 
1991; van Leeuwen et al., 1991). The 3.8 A crystal 
structure revealed the locations of 35 Chi a and 2 Ph 
a molecules, but the jS-Car molecules remained 
undetected at this resolution (VasiTev et al., 200 1 ). It 
is possible that a few chlorophylls escaped detection 
thus far, in particular in the peripheral (CP43) parts 
of the complex. 

The 77 K fluorescence spectrum of the PS II core 
complex shows characteristic peaks at 695 and 685 
nm, which are generally referred to as F-695 and F- 
685, respectively. To discuss the origin of both types 
of emission, we show plots of the quantum yield and 
peak wavelength of F-695 and F-685 as functions of 
temperature (Fig. 4). F-685 is the dominant 
fluorescing species between room temperature and 
about 80 K, over which temperature range it gradually 
red-shifts from about 683 nm at room temperature to 
686 nm at 70 K. The extent of the red shift in the PS II 
core complex is smaller than observed for purified 
CP47, but larger than for CP43 (Fig. 4), from which 
we conclude that F-685 represents fluorescence from 
singlet excited states equilibrated over basically all 
core antenna pigments (i.e., CP47, CP43 and possibly 
also PS II RC pigments). The yield of this component 
is probably determined by the equilibrium between 
the radical pair and the singlet excited states, while 
the red-shift of F-685 may be caused by the higher 
probability of the excitation to locate on the red- 
shifted chlorophylls of the CP47 complex at lower 
temperatures (Section III.D). 

F-695, on the other hand, is the dominant 
fluorescing species at temperatures below 80 K. 
Upon cooling to 4 K, its yield increases dramatically, 
while its peak maximum blue-shifts from 694 nm at 
77 K to 690 nm at 4 K (Fig. 4). The blue shift and 
increased intensity upon cooling to 4 K were explained 
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Fig. 4. A) Emission spectra of PS II core complexes upon 
excitation at 590 nm at (from top to bottom) T = 4, 20, 40, 60, 77, 
90, 110, 130, 150, 170, 205, 250 and 291 K. B) Wavelength 
maxima of the emission spectra of PS II core (squares), CP47 
(circles) and CP43 (triangles) complexes as a function of 
temperature (adapted from Dekker et ah, 1995). 



by the inhomogeneous distribution of the 690 nm 
pigment of CP47 (Dekker et al., 1995). In complexes 
in which the 690 nm chlorophyll absorbs at a relatively 
long wavelength the thermal energy may not be 
sufficient to allow uphill energy transfer to P680 at 
intermediate temperatures, thus giving rise to long- 
lived fluorescence, which should be red-shifted 
because only the low-energy part of the inhomo- 
geneous distribution is involved. In complexes in 
which the 690 nm chlorophyll absorbs at a relatively 
short wavelength, however, much less thermal energy 
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is required for the energy transfer to P680, and the 
excitation most likely will result in charge separation 
and a low fluorescence quantum yield. The emission 
therefore will shift to the blue with decreasing 
temperature as energy transfer to P680 slows down 
or is even blocked in a larger fraction of the complexes. 
The fluorescence quantum yield in PS II core 
complexes at 4 K was estimated to be about 75% 
compared to that of isolated CP47 (Dekker et al., 
1995), indicating that at 4 K most of the excitations 
on the F-695 chlorophyll are not transferred to P680. 
We conclude that F-695 represents a trap of excitation 
energy, whereas F-685 represents the combined 
singlet excited states in equilibrium with the radical 
pair. 

Recent studies on the low-temperature emission 
properties of monomeric CP47-RC complexes have 
indicated that at 1 .2 K the downhill energy transfer 
from RC to CP47 chlorophylls also is limited (Den 
Hartog et al., 1998), which suggests that in this 
complex the distance between the lowest energy 
pigments of CP47 and RC is larger than the Forster 
radius (^^5 nm). At room temperature, however, the 
energy transfer between CP47 and RC should be 
very efficient. The most straightforward explanation 
of these results is that the CP47 chlorophyll(s) closest 
to the RC core absorb at a relatively short wavelength. 
The nearest distances between the chlorophylls of 
CP47 or CP43 and RC are relatively large (about 
2.1 nm, Zouni et al., 2001; Fig. 2 and Table 4). 

In dimeric complexes energy transfer between the 
two monomers occurs efficiently at room temperature 
(Jahns and Trissl, 1997). Most likely, this energy 
transfer takes place between CP47 chlorophylls. The 
Mg-Mg distance between the nearest chlorophylls 
on each side of the dimer is 2.73 nm, as calculated 
from the crystal structure (Zouni et al., 200 1 ; Table4). 

Since a previous review (van Grondelle et al., 
1 994) almost no new data have been presented on the 
kinetics of energy transfer and trapping in the PS II 
core complex. At that time, most authors interpreted 
data obtained with open reaction centers (containing 
oxidized Q^) in terms of a fast equilibration of the 
excitation energy (within 1 0 ps), followed by a decay 
phase of about 40-80 ps attributed to a trap-limited 
charge separation and a phase of about 200-500 ps 
attributed to charge stabilization due to electron 
transfer from Ph- to (see, e.g., Schatz et al, 1988). 
These numbers cannot be regarded as very accurate, 
because the extent to which annihilation effects 
contributed to the kinetics reported by the various 



groups is not clear and/or because the specific 
aggregation state of the investigated complexes 
(monomer, dimer or larger aggregate) was not 
determined. 

Nevertheless, the recent progress in the under- 
standing of the structure of PS II suggests that at least 
some of the previous interpretations need revision. 
In particular, the proposed fast (< 1 0 ps) equilibration 
of excitation energy seems unlikely in view of the 
large distance between the chlorophylls of the PS II 
RC and the core antenna proteins (see above). In 
addition, the two extra chlorophylls of the PS II RC 
are very likely not the only ‘connecting’ chlorophylls 
in the PS II core complex, because the pheophytins 
and the peripheral chlorophylls of the RC are located 
at about equal distances to the closest core antenna 
chlorophylls (Zouni et al., 2001 ; Table 4). Moreover, 
the transfer from the peripheral chlorophylls to P680 
takes about 20 ps. Thus, the situation seems similar 
to that in the purple bacterial photosystem, where 
there is a long distance between the RC and the LHl 
core antenna and energy transfer from LH 1 to the RC 
determines the total charge separation time of about 
50 ps (Beekman et al., 1994). The 40-80 ps kinetics 
in the PS II core complex may therefore be attributed, 
at least in part, to a transfer-to-the-trap-limited charge 
separation reaction (Vasil’ev et al., 2001; de Weerd 
et al., 2002). In contrast to the purple bacterial 
photosystem, the core antenna system does not 
surround the RC in PS II and excitations can only 
move from CP47 (or CP43) directly to the RC and 
not to CP43 (or CP47). Even in dimeric PS II core 
complexes the only possible contact between core 
antenna chlorophylls is that between two adjacent 
CP47 proteins (Fig. 2; Section IVC). The 40-80 ps 
kinetics could, therefore, include separate contri- 
butions from CP47 and CP43 which do not necessarily 
have exactly the same average kinetics. The attribution 
of the 200-500 ps kinetics also may be less 
straightforward than initially assumed (Schatz et al., 
1988) because these kinetics occur not only on the 
same time scale as the charge stabilization reaction, 
but probably also on the time scale of fluorescence 
from excited states in the reaction center (Merry et 
al, 1998). 

In closed PS II (with reduced) the two main 
decay phases were shown to slow approximately 
three-fold to about 200-250 and 1300 ps, which was 
explained by an increase of the free energy of the 
primary radical pair by the negative charge on Q^, 
causing a shift of the equilibrium between the excited 
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state and the radical pair towards the excited state 
(Schatz et al, 1988). While the picture of trap- 
limited charge separation may still hold, additional 
mechanisms (a rate-limiting decay of the excited 
state in the reaction center as discussed above and 
recombination luminescence) could play a role in the 
overall kinetics. 

C. Photosystem II Supercomplexes 

The largest isolated and purified PS II particles are 
the PSII-LHCII supercomplexes, of which there are 
now more than a dozen characterized by electron 
microscopy and single particle image averaging 
(Boekema et al., 1995, 1998, 1999a,b, 2000a; Nield 
et al., 2000a,b). They all consist of a dimeric PS II 
core complex, surrounded by a variable number of 
trimeric and monomeric LHCII proteins. The most 
common and best characterized supercomplex is the 
so-called C 2 S 2 supercomplex, a two-fold symmetrical 
complex. Biochemical data have indicated that each 
half consists of a PS II core complex (referred to as 
‘C’), a ‘strongly’ bound trimeric LHCII complex 
(referred to as ‘S’), a CP29 protein and a CP26 
protein (Hankameretal., 1997b; Harreretal., 1998). 
The S trimer most likely consists of two Lhcbl and 
one Lhcb2 proteins (Hankamer et al., 1997b). Other 
supercomplexes also contain a CP24 protein and a 
‘moderately’ bound trimeric LHCII complex (referred 
to as ‘M’), whereas a rather small number of super- 
complexes also contain a ‘loosely’ bound trimeric 
LHCII (referred to as ‘L’) (Harrer et al., 1998; 
Boekema et al., 1999a,b). Figure 5 shows the 
approximate location of the S, M and L trimer with 
respect to the dimeric PS II core complex. The M 
trimer most likely consists of two Lhcbl and one 
Lhcb3 protein, because Lhcb3 is not present in the 
C 2 S 2 supercomplexes (Hankamer et al., 1997b) but 
present in larger associations (Boekema et al., 1 999a). 
Additional evidence comes from a complex isolated 
by Bassi and Dainese (1992). This complex consists 
of the Lhcbl , Lhcb3, Lhcb4 and Lhcb6 polypeptides 
in a 2: 1 : 1 : 1 ratio. Based on the location of the Lhcb4 
(CP29) and Lhcb6 (CP24) proteins in the super- 
complex (Fig. 5) it seems reasonable to assume that 
the M trimer is involved in this complex and thus 
contains the minor Lhcb3 protein. Electron 
microscopy also has revealed the way the dimeric 
supercomplexes can be attached to each other. Three 
different associations or megacomplexes have been 
recognized, the so-called type I, type II and type III 
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Fig. 5. Constructed image of a ‘complete’ PSII-LHCII 
supercomplex, the hypothetical C 2 S 2 M 2 L 2 supercomplex (adapted 
from Boekema et ah, 1999b). S, M and L refer to strongly, 
moderately and loosely bound LHCII, respectively. 

associations (Boekema et al., 1999a,b). In all 
megacomplexes the minor proteins CP26 and CP24 
seem to be very important for the interactions between 
the supercomplexes. 

It is becoming increasingly clear that the C 2 S 2 , 
C 2 S 2 M or C 2 S 2 M 2 supercomplexes form the basic 
unit of PS II in at least a large part of the grana 
membranes, in particular because the characteristic 
shapes of these complexes are clearly observed in a 
partially disrupted grana membrane fragment (van 
Roon et al., 2000). The structure of the C 2 S 2 super- 
complex seems also conserved between green plants 
and green algae, because very similar structures 
were observed in spinach and in Chlamydomonas 
reinhardtii (Nield et al., 2000b). It is not clear, 
however, how the various PSII-LHCII super- 
complexes make up the complete grana membrane, 
or how they connect to the LHCII that is not present 
in these complexes. There are, on the average, about 
eight trimeric LHCII complexes per PS II dimer in 
the grana membranes (Jansson, 1994). However, the 
most common C 2 S 2 and C 2 S 2 M supercomplexes 
accommodate only two and three trimeric LHCII 
complexes per PS II dimer, respectively, while super- 
complexes with more than four trimeric LHCII com- 
plexes per PS II dimer are extremely rare in spinach 
(Boekema et al., 1999a,b). For instance, the 
hypothetical complex depicted in Fig. 5, with six 
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B: PSIl core 

CP47 




Fig. 6 . Schematic representation of the most important energy transfer and trapping processes in (A) the PS II RC complex, (B) a 
monomeric PS II core complex, (C) the C2S2 PSII-LHCII supercomplex and (D) a part of a membrane with a regular array of C2S2M PSII- 
LHCII supercomplexes. In (D) the supercomplexes are contoured by dashed lines and depicted with a stronger grey-scale than the 
surrounding membrane. The pigments are indieated as circles in white (the four central chlorophylls of the PS II RC), black (Ph a), light 
grey (antenna Chi a) and dark grey (Chi b), and are placed at approximate positions according to the various crystal structures. The figure 
indicates that the trapping process (Tjj-^p, represented by the dark area in the center of the PS II RC complex) is relatively important in the 
PS II RC complex, that the delivery of the exeitation energy (r^j^j, represented by the black arrows) plays an important role in the PS II 
core complex, and that the migration processes (r^^jg, represented by the grey arrows) are significant in the PSII-LHCII supercomplexes 
and the PS II membranes. The light grey areas represent areas in which ultrafast energy transfer among groups of chlorophylls is expected 
in core and peripheral antenna proteins, whereas the white arrows represent a few less likely (relatively slow) energy transfer routes. See 
Color Plate 5 . 



LHCII trimers, was not observed at all in a dataset of 
more than 17,000 partieles (Boekema et ah, 1999a). 
A partial answer was given by an analysis by electron 
microscopy of paired grana membrane fragments, in 
which a rather common semi-regular array of C 2 S 2 M 
supercomplexes was observed in spinach (Boekema 
et ah, 2000b) and of C 2 S 2 M 2 supercomplexes in 
Arabidopsis thaliana (Yakushevska et ah, 2001b). 
The analysis suggested that many PSII-LHCII 
supercomplexes in one membrane face only LHCII 
in the other, which implies that energy transfer from 
one membrane to the next is very important in grana 
membranes. A possible existence of LHCII-only 
domains in the thylakoid membranes was corrob- 
orated by the structural characterization of a 
supramolecular complex consisting of seven trimeric 
LHCII complexes (Dekker et al., 1999). Spectros- 



copic characteristics of an aggregated LHCII complex 
of very similar size were recently reported by Ruban 
et al. (1999). 

It is also beeoming increasingly clear that the 
supramolecular organization of PS II is heterogeneous 
on various levels. The heterogeneity is not restricted 
to the segregation into grana stacks, margins and 
stroma lamellae (Jansson et al., 1 997), but also occurs 
in the direct environment of the C 2 S 2 supercomplexes 
(the presence or absenee of M- and/or L-types of 
LHCII trimers and the presenee or absenee of 
monomerie LHCII proteins) and in the complete 
macromolecular organization of the PSII-LHCII 
supercomplexes (Boekema et al., 1999a,b, 2000b). 

Initial spectroscopic experiments indicate that PSII- 
LHCII supercomplexes and PS II membranes are 
very similar with regard to the general spectroscopic 
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properties of PS II (Eshaghi et al., 2000) and the 
decay of the oxidized primary electron donor P680^ 
(Schilstra et al, 1999). Experiments using ultrafast 
spectroscopy to monitor the excitation dynamics and 
trapping have not yet been reported. 

D. Photosystem II Membranes 

Only a few reports with new results on this topic have 
been presented since 1994 and we again refer to the 
review of van Grondelle et al. (1994) for details. 
Compared to PS II core complexes the excitation 
energy transfer in PS II membranes or in chloroplast 
fragments has been found to be even more 
heterogeneous, with additional phases in the 300- 
600 ps and 2-3 ns time range for open and closed 
reaction centers, respectively. The general conclusion 
was that the exciton/radical pair equilibrium model 
describes the excitation energy transfer and trapping 
in PS II reasonably well, but that at least some type of 
heterogeneity has to be proposed to explain the data. 
Among the possible types of heterogeneity, 1) a 
heterogeneous charge-separation process, 2) the so- 
called a/ (3 heterogeneity and 3) heterogeneous 
organization of the peripheral antenna with tightly 
bound and loosely associated trimeric LHCII were 
considered (van Grondelle et al., 1994). The recent 
results on the native associations of PS II and LHCII 
(Boekema et al., 1 999a,b) indicate that the latter type 
of heterogeneity will play a very important role. 

An important aspect of the PS II membranes is the 
fact that the distance between the two adjacent 
membranes is small (about 2 nm), so that resonance 
energy transfer from one layer to the next is very well 
possible. This is particularly important in PS II 
membranes with partially ordered macrodomains, 
where it was shown that many PS II units in one layer 
face only LHCII in the other (Boekema et al., 2000b). 
Experimental evidence for the occurrence of fast 
excitation energy transfer from one layer to the next 
has been provided by fast photovoltage experiments 
(Trissletal., 1987;Leibletal., 1989). It was concluded 
that a so-called ‘ excitonic short-circuit’ between layers 
occurs on a faster time scale than the average trapping 
time. 

We conclude that more work is needed to obtain a 
better idea of the excitation decay mechanisms in 
intact PS II, including fast spectroscopic measure- 
ments on well-defined PSII-LHCII supercomplexes. 
Detailed measurements of excitation decay in 
monomeric and dimeric PS II core particles also are 



required in order to clarify whether dimerization is 
one of the tools by which PS II can regulate its overall 
efficiency. 

V. Overall Trapping of Excitation Energy 

In this section, we will give a rough description of the 
overall trapping of excitation energy in PS II. As 
indicated above, the description is far from complete 
because many essential details of the structure and 
dynamics of PS II are still lacking. Nevertheless, 
some essential ingredients can be discussed that will 
have to be taken into account for proper modeling. 

We start by presenting some theoretical back- 
groun4 which is mostly based on a recent overview 
(van Grondelle and Somsen, 1 999). In the incoherent 
limit, the excited-state dynamics of a photosynthetic 
system follows a Master equation: 

^ = -k,p, + ^ [p^k,. - p,k .. ) - p,ck,c ( 1 ) 

Here is the time-dependent probability (population) 
to find the excitation at site i in the network of 
pigment molecules, while is the population of the 

primary donor. Furthermore, is the rate of loss 
from a site due to fluorescence, internal conversion 
and intersystem crossing, is the rate of charge 
separation, k.j is the Forster rate of energy transfer 
from site i to site j and 5 is the Kronecker delta. The 
latter is equal to 1 if pigment i is the primary donor 
and is 0 otherwise. Note that a unidirectional charge 
separation is considered here, i.e., no charge 
recombination is taken into account at the moment. 

The solution of Eq. (1) is a sum of N exponential 
decays, where N is the number of pigments of the 
system under consideration, including the primary 
donor. These components merge into a continuous 
distribution of decay times in an ensemble of non- 
identical systems (non-identical as a result of, for 
instance, inhomogeneous broadening). Some of the 
faster decay times may be observed as equilibration 
phenomena. In trapping experiments with largely 
nonselective excitation and detection, the fast decay 
components usually have very small amplitudes and 
only a mono-exponential decay from thermal 
equilibrium is observed. The resulting expression 
for this time r (the total excited-state lifetime or total 
trapping time) is a sum of three contributions: 

^ + '^dd ( 2 ) 
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in which represents the trapping time in the 
reaction center, represents the delivery of the 
excitation energy to the reaction center and 
represents the migration of the excitation energy in 
the light-harvesting antenna. When either or 

dominates the overall expression (i.e., represents 
the slowest process), the decay kinetics are said to be 
‘trap-limited,’ ‘transfer-to-the-trap-limited’ or 
‘ diffusion-limited,’ respectively. 

In Fig. 6 we visualize the most essential processes 
in a PS II RC complex (A), a PS II core complex (B), 
a C 2 S 2 PSII-LHCII supercomplex (C) and a single 
PS II membrane (D). The trapping process (repre- 
sented by the central red (or dark grey) areas in 
Fig. 6) occurs in the multimer of four chlorophylls 
and two pheophytins in the PS II RC. The delivery of 
excitations to the RC multimer (represented by the 
dark blue (or black) arrows in Fig. 6) is provided 
mainly by the core antenna proteins CP47 and CP43 
(Fig. 6B), but may also contain some contributions 
from the peripheral chlorophylls in the PS II RC 
(Fig. 6A) and from LHCII in the adjacent membrane 
(not shown). The migration of excitations between 
the various antenna complexes (represented by the 
green (or grey) arrows in Fig. 6) occurs to a significant 
extent in PSII-LHCII supercomplexes (Fig. 6C) and 
is very important in PS II membranes (Fig. 6D). 

In the case of trap-limited kinetics, charge 
separation is much slower than energy transfer. In 
this case, r and depends only on the rate 

constant of primary charge separation (^j^^) and the 
equilibrium excited-state population of the primary 
donor 

Kip = kpcPe, with P,, = 1 / X exp ' (3) 

. Kgl 

in which and E. represent the excited state energies 
of the pigments of the RC and of site /, respectively, 
ris the absolute temperature and is the Boltzmann 
constant. Within the context of this model, the overall 
lifetime increases when the antenna size increases, 
because the probability to find the excitation on the 
primary donor decreases accordingly. Measurements 
of PS II complexes of different antenna size have 
indeed indicated that the overall lifetime is longer for 
the larger complexes (see above), based on which 
several authors have suggested that the PS II kinetics 
are trap-limited (Schatz et al., 1988). In this model, 
extrapolation to a P680/Chl ratio of 1 gives the 
intrinsic rate of charge separation, which according 
to Schatz et al. (1988) would be about (2.7 ps)“’. The 



time-resolved data on the PS II RC complex (see 
above), however, indicate that in addition to the 
intrinsic rate of charge separation in the RC (which 
even may be an order of magnitude faster than (2.7 
ps)~^), the rate of charge stabilization by electron 
transfer and relaxation also is important (discussed 
in Section IVA.3). 

The delivery term, becomes important when 
transfer between the antenna and the primary donor 
is significantly slower than energy transfer between 
the antenna pigments. Beekman et al. (1994) 
performed a detailed analysis of the trapping kinetics 
of the photosynthetic unit of the purple bacterium 
Rhodospirillum rubrum, which probably consists of 
an RC (partly) surrounded by a single ring of a j8- 
pigment-protein pairs that form the LH 1 core antenna. 
It was concluded that the total lifetime of 50-60 ps is 
‘transfer-to-the-trap-limite4’ i.e., in this case is 
the dominant term on the right-hand side of Eq. (2). 

In the typical case of approximately equal excited- 
state energies of the delivery and other antenna Chls, 
T^^^is given by (van Amerongen et al., 2000): 



1 1 









X 1 
z k 



D 



( 4 ) 



Here is the rate of excitation energy transfer 
from a delivery site or linker Chi to the RC, is the 
rate of energy transfer between neighboring pigments 
(in the case of a regular lattice of antenna pigments), 
z is the number of linker Chls and x is the number of 
Chls in the antenna (including the linker Chls). We 
start by considering a hypothetical core complex in 
which all excitations in CP47 and CP43 are delivered 
to the primary donor via the two peripheral Chls in 
the RC. These two Chls, which function as linker 
Chls in this hypothetical case, transfer their excitations 
to the primary donor with a time constant of 
approximately 20 ps (Section IVA.3). In this case, 
T/e/ would be 280 ps, assuming 14 Chls in both CP47 
and CP43 and 2 linker Chls. This is much larger than 
the measured trapping kinetics for the PS II core 
complex (40-80 ps. Section IVB) and excludes the 
possibility that the peripheral Chls of the RC function 
as the sole linker sites for excitation delivery from 
the antenna to the primary donor. Therefore, it can be 
argued that CP47 and CP43 also contain pigments 
which transfer excitations to the RC with a similar or 
faster rate. The presently available structural data 
indeed appear to confirm this view (Zouni et al., 
2001 ; Fig. 2). Table 5 shows that Chl43 of CP47 and 
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Table 5. Center-to-center distances between chlorophylls and/or pheophytins 
on the same (core 1) or different (mon 1 and mon 2, core 1 and core 2) 
monomeric subunits, calculated from the crystal structures of LHCII from 
pea (Kiihlbrandt et ah, 1 994) and the PS II core complex from Synechococcus 
elongatus (Zouni et ah, 2001). 



Residue 1 


Residue 2 


Center-to-center 
distance (A) 


A4 LHCII (mon 1) 


A5 LHCII (mon 2) 


16.4 


A4 LHCII (mon 1) 


B5 LHCII (mon 2) 


17.2 


A5 LHCII (mon 1) 


A5 LHCII (mon 2) 


18.3 


Chl43 CP47 (core 1) 


ChlZ D2 (core 1) 


20.9 


Chl26 CP43 (core 1) 


ChlZDl (core 1) 


21.1 


Chl43 CP47 (core 1) 


Ph D2 (core 1) 


21.3 


Chl26 CP43 (core 1) 


Ph Dl (core 1) 


21.6 


Chl32 CP43 (core 1) 


PhDl (core 1) 


24.5 


Chl47 CP47 (core 1) 


Ph D2 (core 1) 


25.5 


ChlZ D2 (core 1) 


Ph D2 (core 1) 


23.7 


ChlZ Dl (core 1) 


Ph Dl (core 1) 


23.9 


ChlZDl (core 1) 


Chi Dl (core 1) 


24.5 


ChlZ D2 (core 1) 


Chi D2 (core 1) 


24.6 


Chl44 CP47 (core 1) 


Chl44 CP47 (core 2) 


27.3 


ChlZDl (core 1) 


Chl42 CP47 (core 2) 


30.7 


ChlZDl (core 1) 


Chl39 CP47 (core 2) 


30.9 



Chl26 of CP43 are at very similar center-to-center 
distances to the peripheral Chi and Ph molecules of 
D2 and Dl, respectively. 

The migration time is often called the ‘average 
first passage time’ and reflects the average time for 
an excitation to reach the primary donor for the first 
time (Pearlstein, 1982; Valkunas, 1986; Somsen et 
ah, 1994), at least in the case when can be 
ignored. Otherwise, the average first passage time is 
equal to the sum of and will dominate Eq. 

(2) when the rate of charge separation is much faster 
than the (average) rate of energy transfer (and is 
not slower than k,), in which case the entire charge- 
separation process becomes migration- or diffusion- 
limited. 

For a regular light-harvesting antenna structure 
with dimension d and size TV, can be expressed as: 

( 5 ) 

The structure function f^{N) is of the order of unity 
(0.5 < UN) < 1.0) for an antenna-RC complex 
containing many tens to several hundreds of pigments, 
and as a rough approximation/^ (TV) can be considered 
independent of the number of pigments within this 



range. It was shown above (Section III. A. 8) that a 
number Xof LHCII trimers leads to a contribution of 
X X 32 ps to the total trapping time. The average 
number of LHCII trimers per RC is approximately 4 
and thus LHCII contributes -130 ps to the total 
trapping time (Barzda et ah, 2001). The Chi a 
organization in monomeric CP29, CP26 and CP24 is 
probably very similar to that in monomeric LHCII 
(see above) and one might expect an additional -30 
ps contribution to the total value of The total 
number of Chi a molecules in CP47 and CP43 (-28) 
is close to that of trimeric LHCII, but the Chi a 
density is probably higher and therefore the 
contribution to is minor. We stress that the 
organization of LHCII in the PS II membranes is 
very heterogeneous and that there are large variations 
in the local LHCII environments of the PS II units, 
which suggests that there may be a very large variation 
in (and in t,U- 

Recently, it was shown that the number of excited 
states after 1 50 and 250 ps in PS II preparations with 
varying antenna size could be modeled satisfactorily 
by assuming that the rate of energy transfer is much 
faster than the rate of charge separation (Barter et al., 
2001). It was pointed out by the authors that the 
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model is not necessarily correct on a microscopic 
level, but that it offers a way to describe the free 
energy of the system as a function of time in a 
meaningful way. It was concluded that energy transfer 
is not the rate-limiting step in the trapping process. 
We have presented evidence, however, that energy 
transfer is a relatively slow process and can not be 
ignored (Barzda et al., 2001). 

We conclude by saying that there are no clear-cut 
data available from which it follows that either 
Tmig, or dominates the total trapping time in PS II 
in vivo, or that any of these terms can be totally 
neglected. On the contrary, it seems more likely that 
all three terms contribute significantly to the total 
trapping time. In order to increase our understanding 
on the trapping process in PS II, more refined 
structural data are needed as well as kinetic data on 
well-defined preparations. Also an understanding of 
the energetics of the charge-separation process itself 
is crucial, since these energetics determine the extent 
to which the various charge separation, stabilization 
and recombination reactions occur, which will 
significantly contribute to the observed decay rates. 
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Summary 

Photosystem I (PS I) is a large, membrane protein complex, consisting of 12-15 proteins and more than 100 
bound cofactors, that catalyzes light-driven electron transfer across the photosynthetic membrane in cyanobacteria, 
green algae and plants. Photosystem I is unique compared to other photosynthetic systems because the majority 
of the antenna pigments and the cofactors of the electron transport system are bound to the same protein 
subunits. Photosystem I can therefore be regarded as a joint reaction center-core antenna system. In this chapter, 
PS I is described with respect to both structure and function. The kinetics of energy transfer and trapping are 
discussed in the light of the structural information. We also discuss models for the interaction of PS I with the 
external antenna complexes in cyanobacteria and plants. 



I. Introduction 

Plants, green algae and cyanobacteria use the energy 
of sunlight to drive the synthesis of carbohydrates 
from CO 2 and water. Two large protein complexes, 
the Photosystems I and II, catalyze the first steps of 
this energy conversion, the light-induced charge 
separation across the photosynthetic membrane. In 
plants, these complexes are found in the chloroplast 
thylakoid membrane. 

Photosystem I (PS I) captures sunlight by a large 
antenna system consisting of chlorophylls (Chls) 
and carotenoids and transfers the energy to the 
reaction center of the complex, which mediates the 
light-driven electron transfer from the soluble electron 
carrier proteins plastocyanin or cytochrome at the 
lumenal side to ferredoxin or flavodoxin at the stromal 
side of the thylakoid membrane. (For reviews on 
PS I see Golbeck, 1996, Brettel, 1997 and Manna 
andChitnis, 1999) 

The PS I core complex of cyanobacteria consists 
of 12 protein subunits, which coordinate 127 
cofactors. The reaction center and most of the core 
antenna pigments are harbored by the same protein 
subunits (PsaA and PsaB). This is in contrast to 
type II reaction centers, which either have no core 
antenna, as in the case of purple bacterial reaction 
centers, or have antenna pigments bound to subunits 
distinct from the subunits that coordinate the reaction 
center cofactors, as is the case in Photosystem II 
(PS II). The close structural connection between the 
antenna system and the reaction center in PS I results 



Abbreviations: A- accessory Chi; A, -spectroscopically identified 
secondary electron acceptor in PS I, a phylloquinone; - 
spectroscopically identified primary electron acceptor in PS I, a 
Chi a monomer; Chl(s) - chlorophyll(s); ETC - electron transfer 
chain; F^, F^, and F 3 - [4Fe-4S] iron-sulfur clusters; P700 - 
primary electron donor in PS I; pbRC - puiple bacterial reaction 
center; PS I - Photosystem I; RC - reaction center 



in a very sophisticated and efficient light-capturing 
system. When one photon is absorbed by PS I at 
room temperature, the probability that a charge 
separation occurs is greater than 98%. After light 
absorption, the electron is transferred along a chain 
of electron carriers consisting of six Chls, two 
phylloquinones and three [4Fe-4S] clusters. 

In cyanobacterial membranes, the PS I complex is 
present both as a monomer and as a trimer with a 
molecular weight of more than 10^. Under low light 
conditions, the cyanobacterial PS I can interact with 
phycobilisomes, which are extrinsic membrane light- 
harvesting complexes, in order to increase the 
absorption cross-section of the light-capturing system 
(Mullineaux, 1994). It was reported recently that 
under iron deficiency a ring of 1 8 subunits of the 
membrane-bound Isi A protein surrounds the trimeric 
PS I complex and transfers energy to the core antenna 
system of PS I (Bibby et al., 2001; Boekema et al., 
2001 ). 

In plants and green algae, light harvesting 
complex I (LHC I), an integral membrane protein, is 
closely associated with Photosystem I to increase the 
antenna size (Knoetzel et al., 1992; Jansson et al., 
1996; Haldrup et al., 2000, Jensen et al., 2000,). As 
far as is known, the PS I holocomplex, which consists 
of the core complex and the LHC I, exists in the 
membrane only as a monomer. 

Information concerning the structure of PS I is 
available from a variety of biochemical and 
biophysical investigations, as well as from a recent 
X-ray structure of cyanobacterial PS I at 2.5 A 
resolution (Jordan et al., 2001). The organization of 
the antenna system of PS I is discussed in this 
chapter with respect to the structure and function of 
the complex as a whole. 
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II. The Architecture of Cyanobacterial 
Photosystem I 

A. The Protein Subunits 

Photosystem I is highly conserved among plants, 
green algae and cyanobacteria. In all these organisms, 
the complex contains two large subunits (PsaA and 
PsaB) and at least eight smaller subunits (PsaC, 
PsaD, PsaE, PsaF, Psal, PsaJ, PsaK and PsaL). The 
arrangement of these subunits in the cyanobacterial 
complex is shown in Fig. 1 and Color Plate 6. The 
large PsaA and PsaB subunits coordinate most of 
the components of the electron transfer chain (ETC). 
These cofactors include the primary donor (P700), 
the monomeric accessory Chls (A), the primary 
electron acceptor (A^), an additional Chi a monomer, 
the two phylloquinones (Aj), and F^, a [4Fe-4S] 
iron-sulfur cluster. In addition, 79 antenna Chi a 
molecules and most of the carotenoids of the core 
antenna system are bound to the PsaA and PsaB 
subunits. Subunit PsaC carries the two terminal FeS 
clusters (F^ and Fg). Subunits PsaC, PsaD and PsaE 
are located on the stromal side of the membrane. The 
N-terminal domain of subunit PsaF is exposed to the 
lumenal side of the membrane. In plants, this subunit 
is involved in docking of plastocyanin. Subunits 
Psal, PsaJ, PsaK and PsaL are small, integral 
membrane proteins that are located around the 
periphery of PsaA and PsaB. 

In addition to the ten, highly conserved subunits 
listed above, PS I from cyanobacteria contains two 
more small, integral membrane proteins that have 
not so far been found in plants (PsaM, and the 
recently discovered PsaX). These subunits are located 
peripherally to PsaA and PsaB, as shown in Fig. 1. 

Photosystem I of green algae and higher plants 
also contains the PsaG, PsaH, PsaN and PsaO 
subunits in addition to the ten conserved subunits. 
The complex from these organisms also contains the 
LHC-I antenna pigment-protein complex, which 
includes four different polypeptides (Lhcal-4). The 
structures and functions of PsaG, PsaH, PsaN, PsaO 
and LHC I will be discussed below in Section IV 

1. Oligomeric Structure of PS I and Interaction 
with External Antenna Complexes 

Early evidence for a trimeric organization of PS I in 
cyanobacteria came from electron microscopy 
(Boekema et al., 1987). It is now well established 



that PS I trimers exist in the cyanobacterial membrane 
in vivo (Hladik and Sofrova, 1991). The ratio between 
monomers and trimers is probably regulated by the 
salt concentration (fCruip et al., 1994) and light 
intensity. However, the physiological function of the 
trimerization is still under discussion. It has been 
proposed that the main purpose of the trimer is to 
increase the antenna size for optimal light-capturing 
under low light intensity (Karapetyan et al., 1999). 
Experimental evidence that the trimerization is 
essential for growth of cyanobacteria at limiting 
light intensities came from experiments on light 
adaptation of the thermophilic cyanobacterium 
Synechococcus elongatus. In this organism, the ratio 
of monomeric to trimeric PS I changes in vivo as a 
function of the light intensity (Fromme, 1998). At 
low light intensity, mutants lacking the PsaL subunits, 
which are essential for trimer formation, grow at 
one-tenth the rate of wild-type cells (Fromme, 1 998). 

Under iron deficiency, a ring of IsiA subunits 
surrounds the trimeric PS I, and could provide a 
further increase of the antenna size (Bibby et al., 
2001; Boekema et al., 2001b). IsiA is related to 
CP43, and more distantly to CP47, the subunits of 
PS II coordinating the core antenna Chi a molecules 
(Chapter 4, Green). There has been considerable 
debate about whether IsiA functions as an antenna or 
just as a photoprotective device, but most investi- 
gations have focused on its relationship to PS II. 

2. The Two Large Subunits (PsaA and PsaB) 

The major protein subunits of PS I, PsaA and PsaB, 
show large homology to each other and are suggested 
to have evolved via gene duplication. Eleven 
transmembrane helices were predicted from 
hydrophobicity plots (Fish et al., 1985) in agreement 
with the data derived from the recent X-ray structure 
analysis (Jordan et al., 2001). There is a conserved 
sequence containing two cysteines in the loop between 
transmembrane helices h and i (formerly called helices 
VII and IX). This site coordinates the [4Fe4S] cluster 
F^. The C-terminal five transmembrane helices (g, h, 
i, j and k) surround the electron transfer chain (Fig. 
lA). Their organization shows similarities to the 
arrangement of the L and M subunits in purple 
bacterial RCs and D1/D2 in PS II (Deisenhofer et al., 
1995; Zouni et al., 2001), supporting the idea that all 
photo-reaction centers derive from a common 
ancestor (Nitschke and Rutherford, 1991; Blanken- 
ship, 1992; Schubert et al., 1998). 
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In spite of this common origin, the function of the 
C-terminal domain has been modified in PS I. 
Whereas the D1 and D2 proteins in PS II bind only 
two Chls of the antenna system (Zouni et ah, 2001), 
the C-terminal region of PsaA and PsaB coordinates 
27 antenna Chls in addition to the reaction center 
Chls. The whole central antenna domain of the core 
antenna system is a unique feature of PS I. 

The arrangement of the six N-terminal trans- 
membrane helices can be regarded as a trimer of 
three pairs of helices: a/b, c/d and e/f. In Color Plate 
6, the a helices are shown as cylinders, with the blue 
and red helices belonging to subunits PsaA and 
PsaB, respectively. These two subunits are related to 
each other by a local twofold symmetry axis extending 
from P700 to F^. 

Closely attached to subunits PsaA and PsaB, four 
lipids have been identified, three molecules of 
phosphatidylglycerol (PG) and one monogalactosyl- 
diacylglyceride (MDGD) (Jordan etal., 2001). Lipids 
were detected previously by biochemical techniques 
in PS I core complexes consisting exclusively of 
PsaA and PsaB (Makewicz et al., 1996). The 2.5-A 
structure shows that four lipids are indeed an essential 
part of PS I. Instead of being located close to the 
detergent-exposed side of PS I, they are located in 
the core of PsaA and PsaB at positions related by the 
pseudo C 2 symmetry (Fig. 1 A) and Color Plate 6 A. 

3. The Stromal Subunits (PsaC, PsaD and 
PsaE) 

Three subunits (PsaC, PsaD and PsaE) are located on 
the stromal side of PS I, providing the docking site 
for ferredoxin (Fig. IB). Subunit PsaC (8.9 kDa) 
carries the two terminal iron-sulfur clusters (F^ and 
Fg). The clusters can be distinguished spectros- 
copically by their low-temperature EPR spectra (for 
review see Golbeck, 1999). The important role of 
subunit PsaC in coordination of the two terminal FeS 
clusters was previously suggested based on a 
conserved sequence motif CXXCXXCXXXCP, 
which occurs twice in the psaC gene (Muhlenhoff et 
al., 1993). A homology of PsaC to bacterial 
ferredoxins containing two [4Fe4S] clusters was 

Fig. 1. (A) and (B): Arrangement of protein subunits and eofactors in one monomeric unit of Photosystem I. Transmembrane helices are 
shown as cylinders. Chlorophylls are represented by their head-groups, with the ring substituents omitted for clarity. The carotenoids and 
lipids also are shown. The Fe/S atoms of the [4Fe-4S] clusters are represented by small spheres. (A) View from the stromal side onto the 
membrane plane, showing only the transmembrane part of Photosystem I; (B) view along the membrane plane, with the organic cofactors 
omitted for clarity. The arrow indicates the threefold symmetry axis of the trimeric structure (C) Organization of the PS I trimer. View 
from the stromal side onto the membrane plane, with the stromal subunits omitted for clarity. Different structural elements are shown in 
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suggested from strong sequence similarity. The 
structure of PsaC exhibits a pseudo twofold symmetry 
similar to that of bacterial ferredoxins (Adman et al, 
1973). However, PsaC differs from these ferredoxins 
in ways that could be significant for its function in 
the PS I complex. The N-terminus is extended by two 
amino acids, and the C-terminus by 14. This region 
of the PsaC subunit forms the contact site to subunits 
PsaA and PsaB. In addition, the loop connecting the 
two a-helices has an insertion of ten amino acids. 
This loop is exposed to the putative ferredoxin/ 
flavodoxin docking site, suggesting a role in the 
interaction with these mobile electron-carrier 
proteins. 

The arrangement of FeS clusters and Fg in PS I 
was a matter of debate for many years (for reviews 
see Golbeck, 1993, 1996). However, spectroscopic 
results give strong evidence that Fg is the terminal 
cluster (Diaz-Quintana et al., 1998; Fischer et al., 
1999; Golbeck, 1999). The recent, high resolution 
X-ray structure shows unambiguously that the FeS 
cluster Fg is indeed the distal cluster that performs 
the final electron transfer step to ferredoxin/ 
flavodoxin, whereas F^ is located in the vicinity of 
Fx- The center-to-center distance from F^ to F^ is 
only 14.9 A, while that to Fg is 22 A. The two clusters 
F^ and Fg are separated by a center-to-center distance 
of 12 A, which is remarkably similar to the distance 
that Adman et al. (1973) found between the clusters 
in the bacterial ferredoxin. A sequential electron 
transport from F^ to F^ to Fg is therefore most likely. 
The similar structures strongly indicate a common 
evolutionary origin of bacterial ferredoxin and PsaC. 

The structure of subunit PsaE (8 kDa) was first 
determined in solution by ^H and NMR (Falzone 
et al., 1 994). The structures of PsaE in solution and in 
the Photosystem I complex are nearly identical with 
respect to its compact core of five antiparallel stranded 
/3-sheets. However, the CD loop that connects /3- 
strands /3C and /3D is flexible in solution, but twisted 
in PsaE bound to PS I, where it interacts with subunits 
PsaA and PsaB. The position of PsaE in the complex, 
in close vicinity to the putative ferredoxin docking 
site, confirms previous biochemical data showing 
that PsaE is involved in the anchorage of ferredoxin 
(Rousseau et al., 1993; Sonoike et al., 1993; Strot- 
mann and Weber, 1993). The N-terminus of PsaE is 



surface-exposed, which is an interesting finding 
because in barley PsaE can be crosslinked with 
ferredoxin-NADP reductase (FNR) via its N-terminal 
extension (Andersen et al., 1992a). 

The largest of the three stromal subunits, PsaD, 
forms the part of the stromal hump that is close to the 
trimerization domain, in agreement with previous 
suggestions based on electron microscopy of PS I 
complexes from mutants lacking this subunit (Kruip 
et al., 1997). This arrangement also is in agreement 
with crosslinking experiments, which showed that 
PsaD can be crosslinked to subunit PsaE in 
cyanobacteria as well as in plants (Xu et al., 1994a; 
Jansson et al., 1996). The main structural motifs of 
PsaD are one four-stranded and one two-stranded 
antiparallel j8-sheet. The N and C termini are both 
exposed to the stromal surface, in agreement with 
studies of protease accessibility and biotin labeling 
(Xu et al., 1994b). In addition, investigations on 
mutant PS I lacking the 24 residues from the carboxyl 
terminus of PS I have shown that this surface-exposed 
domain of PsaD is not essential for the assembly of 
PsaD into the PS I complex (for review see Manna 
and Chitnis, 1999). The most striking structural 
feature of PsaD is the C-terminal ‘clamp’ formed by 
the sequence region D94 to D122, which wraps 
around PsaC. This feature explains previous results 
that showed that PsaD is needed for correct orientation 
of PsaC (Li et al., 1 99 1 ; Golbeck, 1 992). Furthermore, 
the structure suggests that PsaD is directly involved 
in electron transfer to ferredoxin, in agreement with 
a large amount of previous biochemical data (Zanetti 
and Merati, 1987; Zilber and Malkin, 1992; Belong 
et al., 1994; Setif et al., 1995; Belong et al., 1996). 

4. The Small, Integral-Membrane Subunits 

The PS I complex of cyanobacteria consists of 12 
different protein subunits, of which PsaA and PsaB 
and seven small subunits, PsaF, Psal, PsaJ, PsaK, 
PsaB, PsaM and PsaX, are embedded in the 
membrane. The seven small subunits surround the 
large subunits PsaA and PsaB (Fig. 1). 

PsaB (16.6 kDa), Psal (4.3 kDa) and PsaM (3.4 
kDa) are located ‘inside’ the trimer at the monomer- 
monomer interfaces. (See Fig. 1 and Color Plate 6.) 
PsaB forms most of the contact sites within the 



(Fig. 1. continued) each of the three monomers. In the top right monomer, the transmembrane heliees are shown as eylinders and the 
subunits are labeled. The top left monomer shows the eomplete set of eofaetors along with the transmembrane heliees. In the lower 
monomer, the a-heliees of the stromal and lumenal loop regions are shown as ribbons. (IJBO.pdb file, Jordan et al., 2001). See Color 
Plate 6. 
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trimerization domain. This subunit contains three 
transmembrane helices and several surface helices 
and short j 8 -sheets, of which transmembrane helix L- 
g and a-helices L-c and L-h, located at the stromal 
and lumenal sides respectively, form most of the 
contact sites. It had been suggested earlier that 
subunits PsaL are located in the trimerization domain, 
because PsaL deletion mutants of cyanobacteria 
contain only PS I monomers (Chitnis and Chitnis, 
1993; Chitnis etal., 1993). In addition to its structural 
function, PsaL coordinates three Chls that func- 
tionally link the antenna systems within the trimer. 

Psal and PsaM each contains only one trans- 
membrane helix. Psal is located close to PsaL, in 
agreement with previous studies (Xu et al., 1995; 
Jansson et al., 1996) The main functions of these 
small subunits probably are stabilization of the 
antenna system and the quaternary structure of PS I 
as a whole. As mentioned above, subunit PsaM has 
been identified so far only in cyanobacteria, although 
an open reading frame for it is found in the liverwort 
chloroplast genome (Ohyama et al, 1986). 

PsaF, PsaJ and PsaX are located on the side of the 
monomeric complex that is distal to the trimerization 
domain (Fig. 1 and Color Plate 5). In the 1980s, PsaF 
(15 kDa) was expected to be an extrinsic subunit 
located on the lumenal side of PS I. This suggestion 
was based mainly on the fact that subunit PsaF 
contains two pre-sequences, one for import into the 
chloroplast and a second for import into the thylakoid 
lumen. Recently, it was shown that PsaF is imported 
via the SEC pathway, which also is used for import of 
the lumenal electron carrier plastocyanin (Karnau- 
chov et al., 1994). Hippier et al. (1999) were able to 
cross-link plant subunit PsaF to plastocyanin, 
indicating a possible role of PsaF in docking of this 
soluble electron donor. However, evidence for at 
least a partial intrinsic location of PsaF in the 
membrane came from the finding that PsaF could not 
be removed with chaotropic agents such as urea or 
NaBr (Chitnis et al., 1995), but could be extracted by 
detergents such as Triton X- 1 00 (Bengis and Nelson, 
1977). Interaction of PsaF with the stromal subunit 
PsaE was indicated by crosslinking experiments 
(Armbrustet al., 1996). 

The 2.5 A structure shows that the N-terminus of 
PsaF is located in the lumen (Fig. 1). This part of the 
protein contains several 3/10 and a helices. The N- 
terminal region of plant PsaF shows an insertion at 
the C-termiual end of helix F-c that could allow this 
part of PsaF to come close to the putative plastocyanin 



binding site in plants. This arrangement is in good 
agreement with previous biochemical experiments. 
Deletion of PsaF in the green algae Chlamydomonas 
reinhardtii leads to a dramatically reduced electron 
transfer from plastocyanin to P700^* (Farah et al., 
1995; Drepper et al., 1996; Hippier et al, 1997). By 
contrast, PsaF is not involved in docking of either 
plastocyanin or cytochrome in cyanobacteria (Xu 
et al., 1994d), and deletion of PsaF in cyanobacteria 
has no effect on the reduction kinetics of these 
electron carriers (Xu et al., 1994c). In the 
cyanobacterial structure, the sequence region F87 to 
FI 12 forms one transmembrane helix followed by a 
short loop. An unusual structural feature of PsaF is 
the finding of two short helices that penetrate but do 
not cross the membrane (F-h and F-i). These helices 
form a V-like arrangement that penetrates about V 3 of 
the way across the membrane (Fig. IB). The C- 
terminus is located on the stromal side of the 
membrane in close vicinity to PsaE, in agreement 
with crosslinking studies (Armbrust et al., 1996). 
Although several Chls and carotenoids are located in 
close vicinity to PsaF, the subunit does not provide a 
fifth ligand to a Mg of a Chi. Subunit PsaF is located 
close to the small subunit PsaJ, in agreement with 
deletion mutant and crosslinking experiments on the 
cyanobacterium Synechocystis (Xu et al., 1994d) 
and on plant (barley) PS I (Jansson et al., 1996). PsaJ 
contains one transmembrane helix and coordinates 
three Chi molecules. 

One function of PsaF and PsaJ probably is 
stabilization of the core antenna system. This 
structural region also could be the interaction site for 
the external antenna complexes. The unusual V- 
shaped helix arrangement of PsaF could be a 
recognition site for docking of phycobilisomes. 
Evidence for this speculation came from the finding 
that a mutant of S. elongatus, lacking PsaF, showed 
no phenotype at normal light intensity but was unable 
to grow at low light intensities (Fromme and Jordan, 
unpublished). The mutant cells died after 10 days, 
expressing so much allophycocyanine that the culture 
had a turquoise color. 

A possible function of PsaJ was revealed by the 
recent finding that cells under iron deficiency form a 
giant ring of 18 subunits of the IsiA protein 
surrounding the PS I trimer (Bibby et al., 2001; 
Boekema et al., 2001b). Under iron deficiency the 
phycobilisomes are completely degraded, suggesting 
that the IsiA ring functions as an external antenna 
system for PS I. Modeling of the 2.5 A structure in a 
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low-resolution electron density map indicated a direct 
interaction of some of the Chls of PsaJ with this 
antenna ring (Boekema et ah, 2001b). 

A new, twelfth subunit, PsaX, has been identified 
in the cyanobacterial structure. This protein was seen 
previously in PSI preparations from other thermo- 
philic cyanobacteria, but the gene sequence has not 
been identified so far. PsaX is located at the detergent- 
exposed surface in close vicinity to PsaB. It contains 
one transmembrane helix and coordinates one Chi. 

Interaction with external antenna systems is also a 
possible role for PsaK, the small subunit located at 
the ‘edge’ of the complex close to PsaA. This subunit 
contains two transmembrane helices and binds two 
antenna Chls, which under iron deficiency might 
also interact with Chls of the IsiA ring. In this 
respect, it is interesting that PsaK has been isolated 
with the LHC 1 complex in higher plants and has 
been shown to cross-link to Lhca3 (Jansson et al., 
1996; Jensen et al., 2000). 

B. The Electron Transport Chain 

The electron transport chain in PS I consists of six 
Chls, two phylloquinones and three 4Fe4S clusters. 
As Fig. 2 shows, the organic cofactors are arranged 
in two branches, A and B. The A-branch consists of 
Chls eC-Al, eC-B2, eC-A3 and the phylloquinone 
Qj^-A; the B-branch consists of eC-Bl, eC-A2, eC- 
B3 and Q^-B. The cofactors in the A and B branches 
are coordinated by subunits PsaA and PsaB, 
respectively, with the exception of the second pair of 
Chls. The ‘accessory’ Chi belonging to the A-branch 
(eC-B2) is coordinated by PsaB, while that belonging 
to the B-branch (eC-A2) is coordinated by PsaA. 

The first Chi pair (eC-Al and eC-Bl) is located 
close to the lumenal side of the reaction center and is 
assigned to P700. In contrast to the purple bacterial 
RC, where the special pair is a homodimer of two 
BChl molecules, P700 is a heterodimer: eC-Bl is a 
Chi a molecule, whereas eC-Al is the C-13 epimer 
of Chi a (Chi a'). In addition, the H-bonding is very 
asymmetric. The Chi a' in the A-branch forms three 
hydrogen bonds to the protein, while eC-B 1 has no 
hydrogen bonds. This asymmetry could explain why 
the spin in P700^* is located mainly on the eC-Bl 
molecule (KaB et al., 2001). When P700 is excited to 
its lowest excited singlet state (P700*), it transfers an 
electron in about 1 ps to an electron acceptor (Aq) 
that has been identified spectroscopically as a 
molecule of Chi a. P700* is a very strong reductant. 



with a midpoint redox potential of about -1.3 V AG° 
for the initial charge-separation step (P700 Aq 
P700^* Aq"*) is estimated to be about 250 meV. (See 
Brettel, 1997 for a review on the kinetics and 
energetics of electron transfer in PS I.) 

The Chls of the third pair (eC-A3 and eC-B3 in 
Fig.2) are located close to the middle of the membrane, 
at positions similar to the positions of the bacterio- 
pheophytins in the reaction center of purple bacteria. 
One (or both) of these Chls most probably represent 
the spectroscopically identified electron acceptor A^. 
The two Chls form hydrogen bonds to the hydroxyl 
groups of tyrosines A696 and B676. The axial ligands 
of Chls eC-A3 and eC-B3 are provided by methionine 
residues MetA688 and MetB668, which are located 
to give Mg-S distances of 2.6 A. This is remarkable, 
because the interactions between the hard acid Mg^^ 
and methionine sulfur as a soft base are expected to 
be weak. Mutational studies suggest that these 
methionines are critical for the function of the 
electron-transfer chain (Fairclough et al., 2001; 
Ramesh et al., 2001). The functional implications of 
the lack of a strong fifth ligand to the Mg^^ atom of 
these Chls remain to be clarified. 

The Chls of the second pair (eC-B2 and eC-A2 in 
Fig. 2) are located approximately midway between 
the first and third pairs, at center-to-center distances 
of 11.7 and 11.9 A from eC-Al and eC-Bl, 
respectively. The edge-to-edge distances to the Chls 
of P700 are only 3.1 and 3.3 A. The structure thus 




A-branch P700 B-branch 



Fig. 2. The cofactors of the electron transport chain. The labeling 
of the individual Chls corresponds to the protein subunit that 
provides the ligand to the central Mg atom. 
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suggests that eC-A2 and/or eC-B2 represent a 
transient electron acceptor (A) that mediates electron 
transfer from P700 to Aq. Their central Mg^^ ions are 
axially coordinated by water molecules that are 
hydrogen-bonded to asparagine residues AsnA604 
(eC-A2) and AsnB591 (eC-B2). The coordination of 
Mg^^ by water differs from the coordination of the 
‘accessory Chls’ in bacterial reaction centers, where 
a histidine provides the fifth ligand for each Mg^^. 
Neither eC-B2 nor eC- A2 forms any hydrogen-bonds 
to the protein. Their chlorin rings are roughly parallel 
to those of the next Chls of the electron transport 
chain, eC-A3 and eC-B3. 

The edge-to-edge distance between the Chls of the 
second and third pairs is only 3.3 A in both cofactor 
branches, and therefore is in the same range as the 
distance between P700 and the second pair of Chls. 
Due to the close proximity of the second and third 
pair of Chls the spectroscopic features of the electron 
acceptor Aq could be infiuenced by interactions 
between the eC-B2/eC-A3 and eC-A2/eC-B3 Chi 
pairs. This idea is supported by the finding that the 
difference spectrum Aq/Aq~ indicates the presence of 
a nearby Chi (Hastings et al., 1995a,b). 

The next electron-transfer step is the transfer of 
the electron from Aq to phylloquinone, which occurs 
with a time constant of 20 to 50 ps (Hecks et al., 
1 994; Brettel and Vos, 1 999). The free energy gap for 
this step is estimated to be about equal to the 
reorganization energy A (i.e. AG° = -A), which is the 
optimal condition for rapid electron transfer (Marcus 
and Sutin, 1985, Iwaki et al., 1996). The structure of 
PS I at 2.5 A resolution shows two phylloquinones at 
a center-to-center distance of 8.6 A from Aq. This is 
in agreement with photovoltage measurements, which 
indicate that the component of the distance between 
Aq and Aj normal to the membrane is about 20% of 
the corresponding distance between P700 and Aj 
(Kumazaki et al., 1 994). The distance between P700^’ 
and Af * was determined by pulsed EPR measurements 
to be 25.4 ± 0.3 A (Bittl et al., 1997; Dzuba et al., 
1997), which would fit to the 26 A center-to-center 
distances of the cofactor pairs Qj^-B/eC-Al and Q^~ 
A/eC-Bl. 

The binding sites in PS I for phylloquinones Q^-A 
and Q^-B are very similar. The quinone planes are n- 
stacked 3.0 to 3.5 A from the indole rings of the 
conserved tryptophans TrpA697 andTrpB677, which 
are located on stromal-surface a-helices between 



transmembrane helices j andk. Both phylloquinones 
have a hydrogen bond from the carbonyl-oxygen 
ortho to the phytyl chain to the amide NH group of a 
Leu residue (LeuA722 for Qk-A and LeuB706 for 
Q^-B). In contrast to all other tight quinone-binding 
sites identified in proteins so far (Ermler et al., 1994; 
Deisenhoferetal., 1995;Iwataetal., 1995;Xiaetal., 
1997; Abramson et al., 2000), the second carbonyl- 
group is not hydrogen bonded. Perhaps the 
asymmetric hydrogen bonding contributes to the low 
midpoint reduction potential ('^-800 mV) of the 
phylloquinone in PS I as compared to the structurally 
similar menaquinone in reaction centers of Rhodo- 
pseudomonas viridis ('^-150 mV). 

From the phylloquinone, the electron is transferred 
to a series of three bound iron-sulfur clusters: Al — > 
Fx--> Fa“^ Fg. The iron sulfur clusters put PS I in the 
group of ferredoxin-reducing or type I reaction 
centers. Electron transfer from Af to the first FeS 
cluster Fx shows biphasic kinetics with time constants 
of about 20 and 250 ns, which has been taken as 
evidence for two active branches (Guergova-Kuras 
et al, 200 1 ; for a review see Brettel and Leibl, 2001). 
This reoxidation of Af is probably the rate-limiting 
step of the electron transfer from P700* to the terminal 
iron-sulfur cluster Fg. The sulfur ligands to the [4Fe4S] 
cluster of Fx are provided by cysteines A578 and 
A587 from PsaA and B565 and B574 from PsaB. 
This binding motif is located between transmembrane 
helices h and i (Jordan et al., 200 1 ). It seems significant 
that Fx forms no hydrogen bonds with the protein. 
The lack of hydrogen bonding to the metal cluster 
could contribute to the strongly negative reduction 
potential (around -600 mV) of this FeS cluster. 
Other factors such as a low polarity of the protein 
environment and low solvent accessibility also could 
be important in this regard. 

Fx plays a prominent structural role in addition to 
its essential role in electron transfer. The twofold 
symmetry axis that relates the two large subunits 
PsaA and PsaB to each other runs exactly through 
the center of Fx- Recently it was shown that special 
enzymes are involved in the assembly of Fx, and that 
this assembly is a prerequisite for the binding of 
PsaC, PsaD and PsaE to the integral membrane part 
of PS I (Shen et al., 2002, 2002a, see also Schwabe 
and Kruip, 2000 for a review on PS I assembly). 
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Fig. 3. The arrangement of the Chls in one monomer of Photosystem I. Only the ring planes of the Chls are shown for clarity. Top: view 
from the stromal side onto the membrane plane. Bottom: view along the membrane plane. See Color Plate 7. 



III. Structural Organization of the Core 
Antenna System 

A. Arrangement of the Chlorophylls 

The most interesting and complex feature of PS I is 
the integral antenna system consisting of 90 Chi a 
molecules and 22 carotenoids. The antenna pigments 
surround the central reaction center structure formed 
by the C-terminal five transmembrane helices (g-k) 
of subunits PsaA and PsaB (Figs. 1 A and 3 and Color 
Plates 6 and 7). 

The X-ray structure at 2.5 A resolution (Jordan et 
al., 2001) shows a unique arrangement of antenna 
pigments in PS I that is very different from the highly 
symmetric bacteriochlorophyll arrangements in the 
light harvesting complexes of purple bacteria 
(Karrasch et al., 1995; McDermott et al., 1995). The 



Chls are arranged outside the inner ring of helices, 
most of them coordinated by the large subunits PsaA/ 
B; however, the small subunits PsaJ, PsaK, PsaL, 
PsaM and PsaX and a phosphatidylglycerol (PG) 
also axially ligate (either directly or indirectly via 
water molecules) 11 of the Chls. These Chls are 
located peripherally to the antenna Chls bound to 
PsaA/B. Figure 3 and Color Plate 7 show the pigment 
arrangement in the core antenna. The antenna system 
can be divided into a central part where the Chls are 
distributed over the whole depth of the membrane, 
and two peripheral parts where the Chls are ordered 
in two layers at the stromal and lumenal sides of the 
membrane. However, the layer arrangement also 
extends to the central domain, so that within the two 
layers a ring-shaped pigment arrangement surround- 
ing the reaction center is visible (Byrdin et al., 2002) 
In total, 79 Chls of the antenna system are 
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coordinated by PsaA and PsaB. These pigments are 
colored green and blue in Color Plate 7. The 1 1 Chls 
bound to the small subunits are shown in yellow and 
the Chls of the electron transfer chain in orange. A 
total of 34 Chls (18 of PsaA and 16 of PsaB) are 
located in the stromal layer (light green/blue) and 35 
Chls (17 of PsaA and 18 of PsaB) are in the lumenal 
layer (dark green/blue). In the central domain, 10 
Chls (5 of PsaA and 5 of PsaB) are located closer to 
the middle of the membrane, indicated by medium 
green/blue color. 

Of the 79 antenna Chls coordinated by PsaA and 
PsaB, 64 are located in homologous positions in 
PsaA and PsaB and are related by the pseudo-C 2 
symmetry. The remaining 15 sites that coordinate 
Chls are not conserved between PsaA and PsaB. 
Most of these ‘additional’ Chls are located in the 
lumenal and stromal layers, where they seem to fill 
some of the gaps in the structure. Almost all the Chls 
are separated by Mg^^-Mg^^ distances between 7 and 
1 6 A, a range in which fast excitation energy transfer 
is possible by the Forster mechanism (Forster, 1 965). 
Although 61 Chls in PsaA and PsaB are coordinated 
to imidazole side chains of His, some are coordinated 
to oxygen atoms of Gin, Asp or Glu side chains, to 
the hydroxyl groups of Tyr, to peptide carbonyl 
oxygen atoms or to water molecules (Jordan et al., 
200 1 ). It is interesting that only 3 of the 1 5 ‘ additional ’ 
Chls that do not follow the twofold symmetry are 
coordinated by histidines, whereas 59 of the 64 
symmetry-related Chls are coordinated by histidines. 
These differences in Mg^^-coordination, in protein 
environment and in Chl-Chl distances and orientations 
give rise to a heterogeneously broadened absorption 
band in the Qy-region (see below). Most remarkable 
are the so-called red Chls that absorb at wavelengths 
above 700 nm. 

The Chls of the electron transport chain (shown in 
orange in Color Plate 7) and the antenna system are 
well separated from each other, so that none of the 
antenna Chls comes closer than 20 A to P700. 
However, there are two Chi molecules (antenna Chls 
A40 and B39) that seem to connect the antenna 
system structurally to the electron transfer chain. 
These are located in the middle of the membrane 
about 13 A from the two Chi molecules assigned to 
Aq (Fig. 4A). They are close to the Chi dimers 
formed by Chls B37 and B38 on the PsaB side and 
Chls A3 8 and A3 9 on the PsaA side, which could 
function as intermediate local ‘traps’ for excitation 
energy. Recent calculations of excitonic couplings 



between the Chls and simulations of optical spectra 
suggest that a significant amount of the excitation 
energy proceeds to P700 via Chls A40 and B39 and 
the A38/39 and B37/38 dimers (Byrdin et al., 2002). 
These six pigments are therefore termed ‘linker’ 
Chls. 

B. The ‘Red' Chlorophylls 

Photosystem I contains some Chls that absorb 
between 700 and 740 nm, i.e. at longer wavelengths 
than P700. These are the so called ‘long-wavelength’ 
or ‘red’ Chls. The number of these pigments varies 
among different organisms (Shubin et al., 1992; 
Palssonetal., 1998; Melkozernovetal., 2000b). PS I 
of S. elongatus contains about ten red Chls per PS I 
monomer, as shown by spectroscopic investigations 
(Palsson et al., 1998). 

Several different functional roles for the long- 
wavelength Chls have been proposed (Trissl, 1993, 
Karapetyan et al., 1999). First, many cyanobacteria 
live under light-limited conditions in their natural 
habitat. Under these conditions, it would be useful 
for the cells to use far red light, which is not captured 
by the bulk antenna Chls of the green algae. However, 
one must take into consideration that far red light is 
absorbed by water. The intensity of light in the range 
between 700 and 740 nm is diminished to about 1 0% 
in 1 m depth (Chapter 15, Falkowski and Chen). The 
disadvantage of the additional long-wavelength 
antenna Chls would be that they slow down trapping. 
Indeed, it has been demonstrated experimentally that 
the trapping time of different cyanobacteria is directly 
correlated to the number of Chls that absorb at 
wavelengths >700 nm (Gobets at al. 2001). We will 
return to this point in Section V 

Other authors have proposed that the red Chls 
might be located close to the reaction center to 
facilitate trapping by focusing the excitation energy 
towards P700 (van Grondelle et al., 1994). In this 
case, the long-wavelength Chls may decrease the 
rate of flow of excitation energy from the central 
domain back to the peripheral domains. 

Another possible function for the long-wavelength 
Chls located at the periphery of the core complex 
could be to provide ‘entrance points’ of the excitation 
energy from external antenna complexes to the core 
antenna of PS I. 

The red shift could be caused by specific pigment- 
pigment or pigment-protein interactions. The most 
prominent cofactor-cofactor interaction is the 
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Fig. 4. Detailed views of strongly-coupled antenna Chls that may have a specific function in light harvesting. (A) Chls of the antenna 
system, which are located at close distance to the electron transfer chain. The A-branch is located on the left, the B-branch on right. Chls 
A40 and B39 are located close to the third pair of Chls of the electron transfer chain and are called linker Chls. The Chi pairs A3 8/39 and 
B37/38 are referred to as linker dimers in this chapter. (B) A trimer of Chls coordinated by PsaB. Only B3 1 is coordinated directly by a 
His residue of PsaB; B32 and B33 are coordinated by bridging water molecules. (C) Location of a Chi tetramer in relation to the electron- 
transfer chain. Chls B6 and B7 may be long-wavelength Chls that are not present in monomerie PS I. 



excitonic coupling between the Chls, but interactions 
with adjacent carotenoids or aromatic amino acid 
residues also could contribute to the red shift. Protein- 
cofactor interactions that could influence the energetic 
and spectroscopic properties of the Chls include (a) 
differences in the dielectric constant of the local 
environment (Altmann et ah, 1992; Sundstrom and 
van Grondelle, 1995), (b) electrostatic interactions 
with charged amino acid side chains (Eccles and 
Honig, 1983), and (c) differences in Mg^^-ligation, 
H-bonding and deviations from planarity of the 



chlorine ring induced by the protein binding site 
(Gudowska-Nowak et ah, 1990). Because of the 
complexity of these interactions, the transition 
energies can not be derived directly from the structure. 
However, the excitonic coupling between the Chls 
can be calculated based on the 2.5 A structure. The 
strongest excitonically coupled Chls are listed in 
Table 1 (Byrdin et al., 2002 ). It is very likely that the 
long-wavelength Chls ean be found among these 
coupled Chls. Figure 4 shows some possible 
candidates for the red Chls in the 2.5 A structure. 
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Table 1. Characteristics of the most strongly coupled dimers in PS I: center-to-center distance, 
excitonic interaction energy (J) calculated in the point-dipole and extended-dipole approximations, 
and cosine of the angle (^) between the transition dipoles (see also Byrdin et ah, 2002) 



Chi a dimers 


Distance between 
ring -eenters 

[A] 


Excitonic coupling 
[cm”^] (point 
dipole approx.) 


Exeitonie coupling 
[cm“^] (extended 
dipole ) 


Cos ((T) 


eC-Al-eC-Bl 


5.76 


414.8 


138.3 


-0.53 


B31-B32 


8.29 


-247.7 


-252.0 


0.99 


B32-B33 


8.03 


-241.8 


-203.6 


0.97 


A12-A14 


8.35 


-230.9 


-218.1 


0.99 


A32-B7 


8.89 


210.9 


244.4 


-0.83 


B37-B38 


7.51 


-205.7 


-172.1 


-0.63 


eC-A2-eC-B3 


7.75 


189.4 


141.6 


-0.33 


A10-A18 


9.11 


-180.6 


-190.4 


0.86 


B9-B17 


8.74 


-179.4 


-160.9 


0.89 


A38-A39 


7.97 


-167.8 


-145.7 


-0.71 


A33-A34 


9.85 


-162.4 


-193.8 


0.87 


eC-B2-eC-A3 


8.29 


157.4 


130.5 


-0.34 


A31-A32 


9.92 


145.8 


158.5 


-0.90 


A36-A37 


10.21 


-141.0 


-158.9 


0.99 


A26-A27 


9.14 


-138.4 


-135.1 


-0.20 


B24-B25 


9.04 


-134.9 


-129.5 


-0.18 


A20-A21 


10.10 


-131.6 


-135.4 


0.97 


B18-B19 


10.28 


-124.0 


-129.2 


0.91 


B14-B15 


9.25 


-122.5 


-120.6 


-0.17 


A16-A17 


9.24 


-120.9 


-120.6 


-0.15 


B27-B28 


10.35 


-120.9 


-123.2 


0.99 


B35-B36 


10.53 


-120.1 


-127.8 


0.98 


A16-A25 


10.84 


-113.3 


-123.7 


0.97 


A29-A30 


10.12 


-110.8 


-99.9 


0.96 


A7-A6 


10.62 


-108.8 


-112.8 


0.81 


B29-B30 


11.62 


103.0 


120.7 


-1.00 


B14-B23 


11.38 


-96.8 


-103.8 


0.99 


eC-Al-eC-B2 


11.90 


-92.1 


-104.8 


0.50 


eC-Bl-eC-A2 


12.14 


-87.0 


-98.8 


0.55 



C. The Linker Chi Dimers 

Two prominent Chi a dimers are formed by Chls 
A38/A39 coordinated to PsaA and B37/B38 
coordinated to PsaB (Fig. 4a). Both are located near 



the stromal side of the membrane. Their chlorin head 
groups are oriented parallel to the membrane and are 
stacked at 3.5 A separation with small lateral shifts 
so that the center-to-center distances are only 8.2 A 
and 7.6 A, respectively. Their n electron systems 
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partially overlap. These Chls are coordinated by 
amino acids in the loops that connect transmembrane 
helices k and j and coordinate the phylloquinones. 
Significantly, helix j also provides the residues that 
coordinate both P700 and Aq. Furthermore, the single 
linker Chls A40 and B39 are coordinated by the only 
histidine in the transmembrane helix k. These two 
Chls and the A38/39 and B37/38 dimers are the only 
Chls coordinated by the sequence region that 
coordinates the cofactors of the electron-transport 
chain. The linker dimers are related by pseudo-C 2 
symmetry, one dimer located close to PsaF, the other 
close to PsaL. Each of the two Chi a pairs is located 
within a relatively short center-to-center distance 
(16 A) to one of the ‘connecting’ Chls, A38/A39 to 
A40 and B37/B38 to B39. It has been proposed that 
excitation energy can transfer at reasonable rates 
from these Chi a dimers to the electron-transfer 
chain via the two connecting Chls, suggesting that 
the dimers play a special role in excitation energy 
transfer (Jordan et al., 2001). 

D. The Chi Trimer and Tetramer 

Chlorophyll molecules B31, B32 and B33 form a 
trimer, which is located at the lumenal side of the 
membrane close to PsaX (Fig. 4b). One of the Chls 
(B31) is coordinated to HisB470 of subunit PsaB, 
but the Mg atoms of the other two Chls are coordinated 
by water molecules. The three Chls are stacked like a 
staircase. The chlorin planes are almost parallel, 
with interplanar separations of 3.5 to 3.7 A but 
laterally shifted, resulting in center-to-center distances 
of 8.3 A. This geometry implies that the transition 
dipole moments of the chlorin rings are roughly 
parallel, indicating that the lowest energy exciton 
band carries most of the oscillator strength. The 
topography of this trimer shows homologies to the 
structures of aggregates of small organic Chi 
derivatives (Kratky and Dunitz, 1977). It is remarkable 
that the crystals of these aggregates show an 
absorption maximum at 740 nm. This extreme red 
shift was explained by strong excitonic interactions 
supported by ;r-;r interactions within the stacks. There 
is only one Chi a trimer in the PS I complex, possibly 
because a counterpart related by the pseudo-C 2 
symmetry would interfere with the monomer- 
monomer contact in the trimer. Two different functions 
of this trimer can be proposed: The trimer could be 
used for capturing long-wavelength light as discussed 
above, or could be Involved in excitation energy 



transfer from the antenna ring of 18 IsiA proteins 
that functions as an external antenna system for PS I 
under iron deficiency. Modeling of the PS I trimer 
into the electron density map shows that Chi B33 of 
the trimer might be strongly attached to the antenna 
system of IsiA. 

Four excitonically coupled Chls (A31, A32, B6 
and B7) are located on the lumenal side of the 
membrane at the interface between PS I monomers 
(Fig. 4c). Chlorophylls A3 1 and A32 have symmetry- 
related counterparts in B29 and B30, and are all 
coordinated by histidines. Chls B6 and B7 are 
coordinated by Asp and Glu, respectively, and have 
no C 2 -symmetry analogue on the PsaA side of the 
antenna system. Taking into account the strong 
excitonic coupling, a large red shift is expected for 
the low-energy exciton band of the tetramer (Byrdin 
et al., 2002). The tetramer is located close to the 
interface between subunits PsaA, PsaB and PsaL at 
the trimerization domain. It also is relatively close to 
P700 (the center-to-center distance between B6 and 
eC-A 1 is about 22 A) (Fig. 4c). Therefore, the tetramer 
could serve as a functional ‘trap’ of the excitation 
energy close to the RC, or as the entrance point for 
excitation energy from the other monomers within 
the trimerization domain, via the three Chls 
coordinated by PsaL. This location of red Chls could 
explain the loss of two Chls absorbing at 719 nm 
when the PS I trimer of S. elongatus is split into 
monomers (Palsson et al, 1998). 

E. Carotenoids 

The structure of PS I at 2.5 A resolution shows the 
positions of 22 carotenoids, in good agreement with 
previous spectroscopic and biochemical investi- 
gations. The carotenoids are all modeled with /3- 
carotene, in agreement with earlier biochemical 
studies showing that /3-carotene is the most abundant 
carotene in PSI (Coufal et al., 1989); Makewicz et 
al., 1996). However, the 2. 5 A resolution is not high 
enough to exclude the possibility that some of the 
carotenes are xanthophylls. Of the 22 carotenoids, 
17 are in the all-trans conformation, whereas five 
have one or two cis bonds (two are modeled as 9-cis, 
and one each as 9,9 '-cis, 9,1 3 '-cis and 13-cis). All 
the carotenoids are located in the integral-membrane 
part of PS I, with only a few of the head groups being 
closer to the stromal or lumenal side. Ten carotenoid 
molecules are bound to PsaA and PsaB by 
hydrophobic interactions, and some of the carotenoids 
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are bound to PsaF and PsaJ, thereby structurally 
linking these subunits to the PsaA/PsaB core. The 22 
carotenoids are in van der Waals contact (< 3.6 A) to 
60 Chi a head groups (Fig. 5). 

Carotenoids fulfill several important functions in 
photosynthesis, including light harvesting, photo- 
protection by quenching Chi a triplet states, protection 
against singlet oxygen, dissipation of excess energy 
as heat, and structural stabilization (for reviews see 
Cogdell, 1985; Frank and Cogdell, 1995; Bialek- 
Bylka et al., 1998; Frank, 1999). It is now well 
established that the most important of these functions 
is photoprotection. The carotenoids quench excited 
Chi a triplet states, which otherwise could generate 
toxic singlet oxygen (Cogdell, 1985; Frank, 1999; 
Section V). This function is of importance in vivo 
since most cells are frequently overexposed to light, 
and cells lacking carotenoids are very sensitive to 
light (Roemer et al., 1995). The PS I structure shows 
that most of the proposed red Chls (e.g., the linker 
dimers A38/39 and B37/38 and the tetramer A31/ 
A32/B6/B7) are in close vicinity to carotenoids. This 
is essential for photoprotection because the red Chls 
are most probably the location where triplet states in 
the antenna system are formed by intersystem 
crossing. About 80% of the fluorescence is emitted 
from these Chls at room temperature (Palsson et al., 
1998). 

The 2.5 A structure shows that carotenoids also 
play a structural role in PS I. The interaction between 
the peripheral subunits and the PsaA/B core is 
mediated to a large extent by van der Waals 
interactions between hydrophobic helices and the 
carotenoids. The carotenoids thus appear to provide 
a ‘hydrophobic glue.’ Car 22, which is located in the 
trimerization domain may have an important function 
in trimerization of PS I due to hydrophobic contacts 
with the three subunits. 



IV. Plant Photosystem I 

A. Polypeptides Unique to Piants 

Although a high-resolution structure has not been 
obtained for higher plant PS I, it is very likely that the 
proteins that are common to plants and cyanobacteria 
are structurally and functionally similar, so that the 
cyanobacterial structure can serve as a framework to 
discuss the structure and function of plant PS I. 
However, higher plants contain eight subunits that 



are not present in cyanobacteria: PsaG, PsaH, PsaN, 
PsaO and the LHC I proteins Lhcal-4. These proteins 
have a peripheral localization in PS I (Section IVF), 
as one might expect if they were added to the complex 
relatively late in evolution. 

The PsaG and PsaK protein sequences of plants 
are both similar to cyanobacterial PsaK (Kjaerulff et 
al, 1993). Apparently, a gene duplication event and 
subsequent divergent evolution gave rise to the PsaK 
and PsaG proteins of plants. There are actually two 
PsaK genes in the cyanobacterial genome, but since 
neither of these is significantly more similar to higher 
plant PsaG than the other, it is not clear which is 
related more directly to the ancestor of PsaG. This 
means that it is unclear whether PsaK or PsaG 
occupies the position of cyanobacterial PsaK in the 
plant PS I complex. However, PsaK appears to be in 
contact with Lhca3 in plants (Jansson et al., 1996, 
Jensen et al., 2000), suggesting that PsaK is located 
in the same position as its cyanobacterial homologue 
(see discussion on antenna structure below). 

PsaH is a 9 kD protein present on the stromal side 
of the complex in close contact with PsaL, Psal 
(Jansson et al., 1996) and PsaD (Andersen et al, 
1992b), in the region where the three monomers of 
the trimeric form of cyanobacterial PS I interact. It 
has been shown that PsaH is involved in the interaction 
of LHC II with PS I and perhaps provides a docking 
site for this antenna complex (Lunde et al., 2000). As 
discussed below, plants lacking PsaH are not capable 
of performing state transitions. 

The PsaN subunit is located in the lumen (Nielsen 
et al, 1994) and seems to interact with PsaF in the 
binding of plastocyanin, a process that in plants (in 
contrast to cyanobacteria) is dependent on PsaF. 
PsaF is an essential protein in plants, but antisense 
plants with very low levels of PsaF have been 
constructed (Haldrup et al., 2000). The deficient 
plants have a significantly reduced capacity for 
plastocyanin oxidation, are severely impaired in 
growth and are light-stressed even at moderate light 
intensities. Absence of PsaN is less detrimental, but 
also reduces the capacity for plastocyanin oxidation 
(Haldrup et al., 1999) 

B. The Externai Antenna System of PS I in 
Piants 

The Lhca proteins of the plant PS I peripheral antenna 
system are homologous to LHC proteins found in 
PS II (Green etal., 1991, Green and Pichersky, 1994). 
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The four LHC proteins that are specific for PS I, 
Lhcal , Lhca2, Lhca3 and Lhca4, are named to reflect 
the order in which their genes were cloned and 
sequenced (Jansson, 1994). The Lhca polypeptides 
have molecular masses between 20 and 25 kDa. 
Lhca3 is the largest, but the relative order of the 
others depends on the plant species, and the apparent 
order can vary with the gel system. On the sequence 
level, the Lhca polypeptides are more similar to each 
other than to the Lhcb polypeptides, but the Lhcal 
protein is somewhat different in this respect. 
Especially in the loops connecting the transmembrane 
helices, Lhcal resembles Lhcb4 (CP29) more than 
the other LHC proteins, suggesting that Lhcal and 
Lhcb4 play analogous roles in PS I and PS II, 
respectively. Two additional genes encoding proteins 
with high similarity to the Lhca proteins have been 
identified recently in the genome of Arabidopsis 
thaliana and named LhcaS and Lhca6 (Jansson, 
1999). The corresponding gene products have not 
yet been detected, however, and the mRNA levels 
seem much lower than those of Lhcal -4, so these 
proteins probably are not ‘normal’ protein com- 
ponents of LHC I. 

The major LHC II complex is trimeric, and the 
proteins of the minor Lhcb proteins (CP29, CP26 
and CP24) are monomeric proteins. In contrast, the 
Lhca proteins seem to be organized as dimers (Jansson 
et al., 1996). Lhcal and Lhca4 form a stable 
heterodimer, while the Lhca2 and Lhca3 proteins 
appear to form weak homodimers. However, dimers 
of Lhca2 and Lhca3 have never been purified and 
properly characterized, so the homodimeric structure 
of these proteins has only been inferred from 
circumstantial evidence. It has also been suggested 
that other dimers could be formed. 

In addition to the Lhca polypeptides, a fraction of 
LHC II is associated with PS I. The amount 
varies; LHC II accumulates in low light and the 
fraction of LHC II that is associated with PS I 
depends on the spectral composition of the light, as 
manifested by the so-called ‘state transition’ 
phenomenon (Chapter 13, Krause and Jahns; Chapter 
15, Falkowski). This binding apparently can not 
occur in antisense plants lacking PsaH, so it is very 
likely that LHC II binds to the PS I complex at the 
position of PsaH (Lunde et al., 2000). PS I complexes 
without LHC I proteins but retaining LHC II can 
sometimes be prepared (Sarvari et al., 1 995), showing 
that LHC I is not necessary for binding of LHC II to 
PS I. 



C. Heterogeneity of the External PS I Antenna 

The antenna protein composition of PS I is variable. 
The amount of Lhca polypeptides generally decreases 
at higher light intensities, although the pattern for the 
individual polypeptides is not clear (Bailey et al., 
2001). PS I complexes in different thylakoid regions 
differ in the amount of Lhca polypeptides (Jansson et 
al., 1997) and even the spectral composition of the 
growth light influences the Lhca polypeptide 
composition (S. Benson, personal communication). 
Finally, as mentioned above, the amount of LHC II 
bound to the PS I complex varies with both light 
quantity and quality. Although it is difficult to measure 
the amount of LHC II bound to PS I directly, it has 
been estimated that several (at least three) LHC II 
trimers sometimes associate with PS I (Jansson et 
al., 1 997). Taken together, these data indicate that the 
peripheral antenna of PS I is flexible. Several 
regulatory mechanisms evidently determine the 
polypeptide composition of the peripheral antenna 
of PS I in a manner that is not yet understood. 

D. Pigment Composition of LHC I 

Surprisingly little is known about the pigment 
composition of LHC I. It is clear, however, that the 
protein binds the carotenoids lutein, /3-carotene and 
violaxanthin in addition to Chls a and b (Jansson, 
1994). Violaxanthin can be photoconverted to 
antheraxanthin and zeaxanthin in the xanthophyll 
cycle. These conversions have an important role in 
the peripheral antenna of Photosystem II, but occur 
also in Photosystem I (Thayer and Bjorkman, 1992). 
j8-carotene is not found in LHC II, which instead 
binds neoxanthin. 

Attempts to measure the pigment stoichiometry of 
LHC I have not been very conclusive. The PS I/LHC 
I complex (often called PS 1-200) has been suggested 
to have Chi a/b ratios of 6.1 (Kndtzel et al., 1992), 
12 (Palsson et al., 1995), and 7.7 (Lee andThornber, 
1997). If the pigment composition of the PS I core 
(96 Chi a) is subtracted from that of PS 1-200, 1 10 
Chls should be bound to the LHC I proteins; however, 
some workers have estimated the Chi content of 
LHC I to be lower than this. Lee and Thornber 
(1995), for example, suggested 80 Chls. Keeping in 
mind that the antenna polypeptide composition is 
variable (see above), the lack of consensus on the 
pigments is not surprising. The biochemical 
procedures for preparing LHC I complexes are harsher 
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than those employed for the LHC II proteins, and are 
most certainly prone to result in pigment losses. In 
any case, the Chi a/b ratio of LHC I seems to be 
similar to that of the monomeric (minor) LHC proteins 
of PS II (that is 2. 5-3.0) and is very different from 
that of trimeric LHC II, which binds almost as many 
Chi b as Chi a. The carotenoid content of LHC I is 
perhaps even less certain, but Lee and Thornber’s 
(1995) estimate of 6-7 violaxanthins, 10 luteins, and 
12 /3-carotenes is typical. 

Recent advances in reconstitution systems could 
potentially give new opportunities to estimate the 
pigment content of the Lhca proteins (Schmid et al., 
1997). However, since it is possible to reconstitute 
LHC proteins with abnormal pigment compositions, 
such as complexes containing only Chi a or only 
Chi b (Schmidt et al., 2001), no clear-cut answers 
have been obtained from reconstituted systems so 
far. 

E. Long-Wavelength Chls 

Like the cyanobacterial complex, PS I from higher 
plants contains long- wavelength or ‘red’ Chls. Some 
of these are present in the core complex, presumably 
in the same locations as those found in cyanobacteria. 
However, at low temperature, the major fluorescence 
emission from PS I is around 730 nm and originates 
from chlorophylls associated with LHC I. The Lhcal/ 
Lhca4 heterodimer has a low-temperature fluores- 
cence peak around 730 nm and has therefore been 
named LHCI-730 (Lam et al., 1984). The ‘red’ Chls 
seem to be associated primarily with Lhca4 (Schmid 
et al, 1997, Tjus et al., 1995), but the observation 
that the spectrum of the heterodimer is different from 
that of the monomers (Melkozernov et al., 1998) 
suggests that the red Chls may be located at the 
interface of the two proteins. These red pigments are 
reported to absorb light of about 705 nm (Mukerji 
and Sauer, 1993; Ihalainen et al., 2000), and 
consequently to have an unusually large difference in 
wavelength between the absorbance and emission 
maxima (Stokes shift). It has been suggested that 
Chi b molecules are necessary for the formation of 
the red pigments (Schmid et al., 2001). 

Preparations of Lhca2 and Lhca3 fluoresce at 680 
nm, and these proteins consequently were named 
LHCI-680 (Lam et al., 1984; Knoetzel et al., 1992). 
There is, however, emerging evidence that this 
fluorescence peak may be artificial. Figure 6 shows 
the low-temperature fluorescence spectra of leaves 




wavelength / nm 

Fig. 6. 11 K fluorescence emission spectra of wild-type (wt) 
Arabidopsis plants and of plants lacking specific Lhca 
polypeptides. Leaves from plants transformed with antisense 
constructs for Lhca2, Lhca3 or Lhca4 were excited at 400 nm. 

(A) Fluorescence emission spectra, normalized to the Photosystem 
II emission peak. The spectra are displaced vertically for clarity. 

(B) Difference spectra (wt minus antisense plant). The emission 
spectra of the three different antisense plants are virtually identical. 

from Wi\A-iy^Q Arabidopsis plants and from antisense 
plants that lack one of the Lhca proteins. The 
fluorescence spectrum of plants that are completely 
devoid of Lhca2, but retain Lhcal and Lhca4, is 
essentially the same as that of plants without Lhca4, 
which therefore do not contain LHCI-730, and the 
same is true for antisense plants that lack Lhca3 
(Zhang et al., 1997, Ganeteg et al., 2001). This 



270 



Petra Fromme, Eberhard Schlodder and Stefan Janssen 



indicates that all the PS I antenna proteins may 
contribute to the long-wavelength fluorescence in 
vivo, although other explanations cannot be definitely 
excluded. A possible cause of the lack of long- 
wavelength fluorescence in preparations of Lhca2 
and Lhca3 is that the emitting pigments are located 
on the interface between the monomers, or between 
the monomers and the reaction center complex. In 
preparations of these proteins, which have mono- 
merized as a result of the necessary detergent 
treatment, these pigments could either have 
dissociated or be in a different chemical environment, 
resulting in a lack of red-shifted pigments. If this is 
correct, the names LHCI-680 and LHCI-730 are 
inappropriate. We suggest that the complexes instead 
should be named after the polypeptide content, e.g. 
Lhca2, Lhca3 and the Lhcal/Lhca4 heterodimer. 
The role of the red Chls in LHC I is, like that of the 
red Chls in the PS I core, unclear. However, antenna 
function in far-red enriched light environments seems 
to be a reasonable possibility (Rivadossi et al., 1999). 

F. The Architecture of the Plant PS I Antenna 

Although we lack a high-resolution structure of plant 
PS I, it is possible to develop a working model for the 
peripheral antenna system of PS I if all the data on 
subunit interactions are put together (Fig. 7). Chemical 
cross-linking indicates that PsaH is in contact with 
PsaD, PsaL and Psal, PsaK with Lhca3, and Lhca2 
with Lhca3, and that Lhca4 is in contact with either 
Lhca2 or Lhca3 (Jansson et al., 1996). The finding 
that PsaH is necessary for interaction of mobile 
LHC II with PS I suggests that these proteins are in 
contact. In addition, Lhca3 is much less stable in the 
absence of Lhca2, indicating that Lhca3 probably is 
located peripherally in the complex (Ganeteg et al., 
2001). This conclusion is consistent with the 
assumption that plant PsaK occupies the same 
position as its cyanobacterial counterpart, and that 
Lhca3 is located next to it. 

This information, taken with the fact that LHC I is 
found on one side of the complex (Boekema et al., 
2001a), suggests the model shown in Fig. 7. Here it 
is assumed that one homodimer each of Lhca2 and 
Lhca3, and two Lhcal/4 heterodimers, associate with 
each PS I. The number of LHC II trimers is not fixed, 
but here two Lhcbl/2 trimers have been modeled 
close to the PsaH protein. In the absence of a three- 
dimensional structure, this model should be regarded 




Fig. 7. Structural model of the plant Photosystem I. See text for 
details. 



as tentative, bearing in mind that the antenna protein 
composition varies in ways we do not understand. 

V. Excitation Energy Transfer and Trapping 
in PS I 

This section focuses on energy transfer in PS I from 
S. elongatus, for which the three-dimensional 
structure at 2.5 A resolution has been described in 
Sections II and III. For recent reviews on excitation 
energy transfer in PS I including plant PS I, see 
Melkozernov (2001) and Gobets and van Grondelle 
(2001). In the PS I from S. elongatus, the six reaction 
center Chls are surrounded by a core antenna system 
consisting of 90 Chls and 22 carotenoids (Figs. 3 and 
5). It is their function to harvest solar energy and to 
transfer this energy to the reaction center (RC), 
where the excitation energy is converted into a charge- 
separated state. The criteria for efficiency of an 
antenna system are (i) a maximal cross section for 
light absorption over a wide spectral range, (ii) the 
ability to trap the excitation energy with minimal 
losses, and (iii) high stability due to effective 
protection against photodestruction. 
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Fig. 8. Steady-state absorption spectrum of the trimeric PS I core 
complex from S. elongatus in the Qy-region at various 
temperatures. Note that the absorption extends beyond 740 nm. 
(Byrdin et al., 2002). 

A. Structure and Spectra 

The mean center-to-center distance between 
neighboring Chls in the cyanobacterial PS I is 9.9 A, 
which is only slightly above the diameter of the 
chlorin ring. This dense packing indicates that 
excitonic interactions have to be taken into account 
for a description of the spectral and functional 
properties of PS I. Table 1 summarizes the most 
strongly coupled Chi dimers. Using the point-dipole 
approximation, the excitonic coupling energy of the 
two Chls constituting P700 (eC-Al and eC-Bl) is 
significantly larger than all the other couplings 
(Table 1 , column 3). However, calculations using the 
extended dipole approximation (Pearlstein, 1992) or 
the point-monopole method (Chang, 1977), which 
probably are more reliable, indicate that the couplings 
between other pairs of Chls in the reaction center of 
PS I are of comparable strength (column 4). 

Figure 8 illustrates that the absorption spectrum in 
the Qy region of trimeric PS I complexes from S. 
elongatus is highly heterogeneous. The Qy absorption 
maximum is centered at about 680 nm, but at low 
temperature (5 K) clearly exhibits multiple bands 
(Palsson et al., 1 998; Byrdin et al., 2000). Absorption 
bands at about 708 nm and 720 nm with oscillator 
strengths corresponding to approximately five and 
four Chls, respectively, are attributed to the long- 
wavelength (‘red’) Chls, which play a crucial role in 
the kinetics of energy transfer and trapping because 
they absorb at wavelengths longer than that of the 



primary electron donor, P700. The spectral hetero- 
geneity can be explained by strong pigment-pigment 
interactions of tightly coupled dimers and trimers 
and site-energy differences arising from pigment- 
protein-interactions (Section III). It should be noted 
that there is a considerable redistribution of absorption 
as a function of temperature. Upon lowering 
temperature, the absorption in the red region above 
705 nm increases at the expense of the absorption in 
region between 688 and 705 nm. Such a redistribution 
of absorption also has been found for PS I in 
Synechocystis sp. and Spirulina platensis. (Cometta 
et al., 2000; Ratsep et al., 2000). 

6. Kinetics of Energy Transfer 

The excited-state dynamics of PS I complexes have 
been studied intensively by time-resolved absorption 
and fluorescence spectroscopy. The short center-to- 
center distances between the Chls in the antenna 
system suggest very fast energy transfer. Indeed, the 
average rate constant for energy transfer (hopping) 
between two Chls has been reported to be between 
(200 fs)“* and (100 fs)"^ (Du et al., 1993; Kennis et 
al., 2001). The trapping of the excitation energy by 
charge separation can be followed by measuring the 
fluorescence decay. Figure 9 shows the decay- 
associated spectra of excitation energy-transfer 
processes in monomeric PS I core complexes from 
Synechocystis sp. PCC 6803 (A) and trimeric PS I 
core complexes from S. elongatus (B) and Spirulina 
platensis (C), as measured using a synchroscan streak 
camera with excitation at 400 nm (Gobets et al., 
2001). In PS I from S. elongatus, the lifetime of the 
dominant decay component is about 35 ps, with good 
agreement between various groups (Holzwarth et 
al., 1993; Dorra et al., 1998; Byrdin et al., 2000; 
Gobets et al., 2001 ; Kennis et al., 2001). The spectrum 
associated with the trapping is virtually independent 
of the excitation wavelength (Hastings et al., 1995a). 
It resembles closely the steady-state emission 
spectrum, which exhibits a maximum at 721 nm and 
a shoulder at 685 nm at room temperature (Fig. 9B, 
closed triangles). This indicates that the largest part 
of the fluorescence is emitted from the long- 
wavelength Chls. Time-resolved fluorescence 
measurements in species that have different contents 
of ‘red’ Chls show clearly that these Chls slow down 
the trapping (Gobets et al., 2001). In Fig. 9A-C, the 
increase of the trapping lifetime from 23 to 50 ps is 
correlated with the amount and the transition energies 




272 



Petra Fromme, Eberhard Schlodder and Stefan Janssen 




Fig. 9. Decay-associated spectra of fluorescence from 
cyanobacterial PS I core complexes upon excitation at 400 nm at 
room temperature: (A) Monomeric PS I from Synechocystis sp. 
PCC 6803; (B) trimeric PS I from S. elongatus; (C) trimeric PS I 
from Spirulina platensis. The small 4.9 ns component can be 
attributed to a small fraction of uncoupled Chls present in the 
preparations (Gobets et ah, 2001). 

of the long-wavelength Chls in the different species. 

Remarkably, the oxidation state of P700 has only a 
small effect on the fluorescence lifetime at room 
temperature (Byrdin et ah, 2000). A detailed single- 
photon counting study revealed that the fluorescence 
lifetime is about 3 ps longer for PS I with P700 in the 



oxidized state than with P700 reduced, where fast 
quenching occurs by charge separation. A fluores- 
cence induction effect corresponding to this difference 
in lifetimes showed an increase of ~12% in the 
fluorescence yield upon P700 oxidation at 295 K. 
These results indicate that the oxidized donor (P700^‘) 
is almost as good a quencher as the reduced donor. 
P700^‘ exhibits a broad, flat absorption that extends 
into the far red beyond 800 nm and provides spectral 
overlap with the emission bands of all the core- 
antenna pigments, so that P700^‘ can effectively act 
as an excitation energy acceptor. The subsequent fast 
radiationless decay of (P700^’)* probably constitutes 
the quenching mechanism (for a detailed discussion 
of the quenching mechanism see Trissl, 1997; and 
Byrdin et al., 2000). 

As a consequence of the spectral heterogeneity of 
the antenna, excitation energy redistribution processes 
directed towards thermal equilibration take place. 
Kinetic components with transfer lifetimes in the 2- 
15 ps range have been resolved (Holzwarth et al., 
1993; Hastings et al., 1995a; Dorra et al., 1998; 
Byrdin et al., 2000; Gobets et al., 200 1 , Kennis et al., 
2001). In the decay-associated spectra shown in Fig. 
9, energy redistribution between antenna Chls 
absorbing at different wavelengths gives rise to spectra 
with positive and negative amplitudes. These spectra 
are ‘conservative,’ in that the overall fluorescence 
remains approximately constant. In PS I from S. 
elongatus, the spectrum of the 3.8 ps component 
(Fig. 9B, squares) is positive below 700 nm and 
negative at wavelengths longer than 700 nm, 
indicating energy transfer from the bulk antenna to 
the red pigments. In addition, a 9.6 ps component 
(Fig. 9B, diamonds) peaks around 700 nm and barely 
drops below zero. This component has been assigned 
to a slower energy-transfer process, during which 
trapping occurs to a great extent (Gobets et al., 
200 1 ). However, single-photon counting experiments 
have yielded only one energy-transfer component, 
with a time constant of 12-14 ps (Dorra et al., 1998; 
Byrdin et al., 2000). The reason for this discrepancy 
remains to be clarified. 

The fast and efficient trapping explains the low 
fluorescence yield of PS I core complexes, which is 
only about 1% at room temperature. Figure lOA 
shows the temperature dependence of the relative 
fluorescence yield for PS I with P700 in the reduced 
{triangles) or oxidized {squares) state. Upon lowering 
the temperature, the fluorescence yield Increases by 
a factor of '^20 for PS I with reduced P700, as 
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compared to a factor of ~10 for PS I with oxidized 
P700. The inset shows steady-state fluorescence 
spectra at different temperatures. The maximum 
emission shifts to the red from 721 nm at 295 K to 
733 nm at 5 K. The increase in the fluorescence yield 
with decreasing temperature can be explained on the 
assumption that a significant part of the excitation is 
trapped on the energetically lowest-lying antenna 
pigments, because uphill energy transfer becomes 
impossible at low temperature. As a consequence, 
the yield of charge separation decreases by about a 
factor of 2 upon lowering the temperature from 295 
K to 5 K (Fig. lOB and Palsson et al., 1998). At 5 K, 
the fluorescence is mainly associated with long-lived 
fluorescence components with time constants 
between 0.4 and 4 ns (Byrdin et al., 2000). 

C. Simulations 

Structure-based calculations have been performed to 
simulate simultaneously the optical spectra of PS I 
from S. elongatus (absorption, linear and circular 
dichroism and emission) and the energy-transfer 
kinetics by application of excitonic coupling theory 
in order to reveal relationships between structure and 
function (Byrdin et al., 2002). The assignment of 
transition energies to all the structurally defined Chls 
is the most critical point in these calculations. The 
assignment strategy was guided by symmetry 
relations, by considerations regarding the axial ligands 
and H-bonding to the Chls, by functional arguments 
concerning the location of the red pigments (Section 
III), and by fine tuning of the transition energies of 
the bulk pigments to improve the simulations of the 
spectra. The long-wavelength absorption was 
assigned to the tightly coupled cluster of four Chls 
near the trimerization domain (A31-A32-B7-B6) 
and the A38/39 and B37/38 dimers, which also are 
strongly coupled and are close to the linker Chls A40 
and B39 (Figs. 4a and 4c). If the spectral heterogeneity 
caused by excitonic coupling and heterogeneous site 
energies is neglected (i.e., if all Chls are assumed to 
have the same Qy transition energy), the walk of 
excitations through the antenna will be random. The 
time constant for trapping in such a system is predicted 
to be about 60 ps, which is significantly longer than 
the time observed experimentally ('^35 ps). As a 
result of excitonic coupling and/or interactions of 
Chls eC-Al and eC-Bl with the protein, the low- 
energy exciton band of P700 in S. elongatus is 
located at 703 nm. This puts the absorption of P700 
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Fig. 10. (A) Temperature dependence ofthe fluorescence yield of 
trimeric PS I complexes from S. elongatus with P700 in the 
reduced or oxidized state. The inset shows steady-state emission 
spectra at different temperatures. Note the increase of yield (the 
area below the curve) and the shift of the emission maximum to 
longer wavelengths upon lowering the temperature. (B) 
Temperature dependence of the yield of charge separation in 
trimeric PS I complexes from S. elongatus (Palsson et al., 1998; 
Byrdin et al., 2000) 

at longer wavelengths than all the other Chls except 
for the red Chls. The resulting energy gradient towards 
the trap imposes a directionality and is calculated to 
speed up trapping to about 25 ps if the wavelengths 
of the red Chls are set to 680 nm. A trapping time of 
25 ps is similar to that observed in PS I complexes 
with the least amount of red Chls. If the long- 
wavelength absorption of PS I from S. elongatus 
attributed to the tetramer (A31-A32-B7-B6) and to 
the two linker dimers (A38/39 and B37/38) also is 
taken into account, the calculated trapping time agrees 
well with the experimental value (~ 35 ps) (Byrdin et 
al., 2002). 




274 



Petra Fromme, Eberhard Schlodder and Stefan Janssen 



The parameters used in this modeling assume both 
fast transfer between Chls (Forster radius = 78 A), 
and fast trapping (intrinsic rate constant for primary 
charge-separation = 0.87 ps"^). The effects of varying 
these parameters indicate that the excited-state 
dynamics are not limited purely by either the rate 
constant for electron transfer (‘trap-limited’) or the 
rate of energy transfer to the trap (‘transfer-limited’). 
Instead, PS I appears to be well balanced between 
these two extremes. 

Similar calculations can be used to analyze 
situations in which the arrangement of the Chls is 
modified, for example by removal of the linker and/ 
or the linker dimer Chls, removal of outlying Chls in 
the small subunits in order to simulate deletion 
mutants, or removal of antenna Chls located in the 
middle of the membrane (Byrdin et al., 2002). 
Interestingly, removing the linker Chls has almost no 
effect on the calculated trapping time, indicating that 
these Chls are not required for efficient trapping. The 
variation between the longest and shortest trapping 
times was found to be only about threefold, 
corresponding to a difference in quantum efficiency 
of only 3% between ~98% and ^^95%. This result 
indicates that the system is optimized for robustness 
rather than for extremely fast trapping. 

D. Function of Carotenoids 

Carotenoids in PS I absorb in the range from 450- 
550 nm, where absorption by Chi a is weak. The 
close contact to the Chls facilitates fast excitation 
energy transfer from the carotenoids to the Chls 
(Kennis et al, 2001). Singlet energy transfer to Chi a 
from the lowest excited states of the j8-carotenes 
occurs with a time constant of 1.2 ps, and transfer 
from the second excited state with a time constant of 
170 fs (Kennis et al., 2001). The overall transfer 
efficiency was estimated to be about 90%. On the 
basis of the absorption spectrum of the PS I core 
complexes, the contribution of the carotenoids to 
light harvesting in PS I can be estimated to be about 
20 %, neglecting light harvesting and energy transfer 
to PS I by phycobilisomes. 

The high stability of the PS I complex depends 
mainly on the effective protection against photo- 
destruction by the carotenoids. The major role of the 
carotenoids (Car) is, besides light harvesting, to 
quench Chi triplet states to prevent the formation of 
singlet oxygen. Chi a triplet states are formed in the 
antenna by intersystem crossing from the lowest 



excited singlet state. The triplet excitation transfer 
from Chi to Car proceeds through the electron- 
exchange mechanism, which requires close proximity 
between Chi and Car as found in the 2.5 A structure 
(Section III and Fig. 5). The kinetics of triplet-triplet 
energy transfer from Chi a to Car has been determined 
by transient absorption spectroscopy (Schlodder et 
al., 2001). The transfer occurs with time constants of 
^14 ns (-60%) and -120 ns (-40%). The kinetics 
were found to be essentially independent of 
temperature. Interestingly, the structure revealed that 
no j3-carotene molecule is located in the vicinity of 
P700. This excludes quenching of the triplet state of 
the primary electron donor (^P700) by carotenoids. 
^P700 is formed by charge recombination of the 
radical pair P700 ^*Aq‘‘ after singlet-triplet mixing 
when the electron transfer to Aj is blocked. At 
temperatures below 50 K, the decay kinetics of ^P700 
is similar to that of Chi a triplet states in organic 
solvents and is independent of temperature. Above 
50 K the decay rate increases with increasing 
temperature, indicating a decay pathway with an 
activation energy of about 40 meV. At room 
temperature, the decay time constant is 4 to 6 ^ 
(Schlodder et al., 2001). The process of the activated 
decay is not well understood, but probably represents 
a protective mechanism to prevent formation of 
singlet oxygen in the reaction center. 

E. Energy Transfer in PS I from Higher Plants 

The PS I holocomplex from higher plants and green 
algae consists of the core complex and the peripheral 
antenna complex LHC I, which binds about another 
100 Chi a and/or b molecules (Section IV). This 
higher structural complexity of the PS I holocomplex 
results in even more complex energy-transfer 
dynamics compared to those in the PS I core 
complexes. To get information on the energy transfer 
in PS I from higher plants, studies have been 
performed with isolated (native and reconstituted) 
subunits of the LHC I (for a recent review see 
Melkozernov, 2001) and with the intact PS I 
holocomplex (for reviews see van Grondelle et al., 
1994; Gobets and van Grondelle, 2001). Studies of 
the excitation energy transfer in the isolated Lhcal 
and Lhca4 monomer and the Lhcal /Lhca4 hetero- 
dimer (also called LHCI-730) revealed that excitation 
energy transfer from Chi b to Chi a occurs within 
500-600 fs. Redistribution of excitation energy 
between different spectral forms of Chi a, i.e. energy 
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transfer from the major Chi a pool with an absorption 
maximum around 679 nm to Chi a molecules 
absorbing at longer wavelengths, takes place within 
a few picoseconds. These Chls absorbing at longer 
wavelength show an emission maximum at about 
730 nm (Melkozemov et ah, 2000a, 2002). For a 
detailed discussion of the location of red Chls in PS I 
from higher plants see Section IV E. Several kinetic 
components have been resolved in studies of the 
excitation energy transfer and trapping kinetics in 
the PS I holocomplexes from spinach (Turconi et al., 
1994), maize (Croce et al., 2000) and Arabidopsis 
thaliana (Ihalainen et al., 2002). The fastest 
components with lifetimes between 2 and 1 7 ps were 
attributed to excitation energy equilibration between 
bulk and long-wavelength Chi forms. Slower 
components with lifetimes of about 50 and 120 ps, 
which display emission spectra with all-positive 
amplitudes, have been ascribed to the overall trapping 
in the PS I complexes from higher plants. The 
observation of at least two trapping components 
have been taken as an indication that trapping in PS 
I from higher plants does not occur from a thermally 
equilibrated state and that the excitation energy 
transfer is diffusion-limited. It has been proposed 
that the faster (50 ps) component originates from 
trapping of excitation energy within the core complex 
whereas the slower component may reflect uphill 
energy transfer from the red-spectral forms of the 
LCH I to the core complex. 
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Summary 

The molecular architecture and energy transfer processes in the phycobilin-chlorophyll antenna systems of 
Cyanophyta, Glaucophyta, Rhodophyta and Cryptophyta are discussed with an emphasis on the molecular 
structures of the individual phycobiliprotein building blocks. The assembly of phycobilisomes from 
phycobiliproteins is explained, from the binding of chromophores to the individual apoproteins to the binding 
of phycobilisomes to thylakoid membranes. Structure-function relationships in phycobiliproteins are discussed 
in the light of the crystal structures and a normal-mode analysis. The normal-mode analysis helps to clarify 
aspects of the protein structure that are critical for determining the optical properties of phycobiliproteins. A 
gradient of energy levels in phycobilisomes is realized by binding of specific linker polypeptides to common 
building blocks. Energy-transfer processes are clearly shown by the time-resolved fluorescence spectra of intact 
cells and isolated phycobilisomes. The rate of energy transfer between weakly interacting chromophores can be 
described by the Forster mechanism, and the predictions agree well with the experimental results. Evolution of 
phycobiliproteins seems to have increased both the number of chromophores per unit monomer and the range 
of energy levels in the complex, so as to capture an increasing fraction of the available solar energy. Further 
analyses on the basis of crystal structures should lead to an improved understanding of how interactions of the 
chromophores with the protein maximize the efficiency of light capture. 



I. Introduction 

Phycobiliproteins are pigment-protein complexes that 
form major components of the photosynthetic antenna 
systems of Cyanophyta (cyanobacteria), Glauco- 
phyta, Rhodophyta (red algae) and Cryptophyta. In 
the Cyanophyta, Glaucophyta dind Rhodophyta, they 
occur mainly as large, supermolecular complexes 
called phycobilisomes, which line the surface of the 
photosynthetic membrane. Phycobiliproteins and 
phycobilisomes have been studied extensively by 
both biochemical and crystallographic techniques. 
The genes encoding the apoproteins and related 
colorless proteins have been sequenced and the 
regulation of their biosynthesis has been elucidated 
in considerable detail. In this chapter, we will describe 
recent progress on the structure and function of 
phycobiliproteins and phycobilisomes from bio- 
chemical and biophysical points of view. Regulation 
of the expression of phycobiliprotein genes will be 
discussed elsewhere in this book. For other review 
articles on phycobiliproteins and phycobilisomes, 
the reader is referred to Gantt ( 1 980), Scheer (1981), 
Glazer (1985), Sidler (1994), MacColl (1998) and 
Mimuro et al. (1999). 



Abbreviations: APC - allophycocyanin; Chi - chlorophyll; PC - 
phycocyanin; PCB-phycocyanobilin; PE-phycoerythrin; PEB - 
phycoerythrobilin; PEC - phycoerythrocyanin; PUB - 
phycourobilin; PVB - phycoviolobilin; RC - reaction center; x- 
PC and x-PE - fomis of phycocyanin and phycoeiythrin with 
different chromophore compositions 



II. Molecular Architecture of Antenna 
Systems in Cyanobacteria and Red Algae 

A. Membrane-bound Antenna Complexes 

The antenna systems of Cyanophyta, Glaucophyta, 
Rhodophyta and Cryptophyta contain two kinds of 
antenna components: one is associated with integral 
membrane proteins, and the other is located on the 
periphery of the photosynthetic membrane. With the 
exception of the carotenoid-protein complexes of 
dinoflagellates and the chlorosomes of green bacteria, 
photosynthetic antennas outside membranes occur 
only in the above four taxa, and they differ both 
structurally and functionally from the antenna systems 
found in other plants or bacteria. 

In thylakoid membranes of oxygenic photo- 
synthetic organisms, there are two reaction center 
(RC) complexes, PS I and PS II (Fig. I). PS II 
removes electrons from water molecules and passes 
them to PS I, which reduces NADP for assimilation 
of CO 2 . The individual RC complexes contain many 
different polypeptides, including several kinds of 
chlorophyll-proteins. The PS I RC is comprised of 
two major polypeptides (the psaA and psaB gene 
products), which bind approximately 100 molecules 
of Chi a and 10 molecules of j8-carotene (Jordan et 
al., 2001). These Chls can be classified functionally 
into either electron-transfer components or antenna 
pigments, and most of Chls are part of the antenna. 
On the other hand, the electron-transfer Chls of the 
PS II RC are associated with two relatively small 
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(a) Cyanophyta 





(b) Chloroplasts 





well as PsaA/PsaB (Miyashita et al., 1996). On the 
other hand, an additional antenna protein called LHC I 
is associated with the PS I core complex in red algae 
{Rhodophyta) (Wolfe et al., 1994). This protein is 
assigned to the LHC superfamily, which occurs in 
the antenna system in all oxygenic photosynthetic 
organisms except for prokaryotes and Glaucophyta. 
However, under conditions of light stress, cyano- 
bacteria synthesize small proteins called the ‘high- 
light induced proteins’ (Hlips), which share sequence 
similarity with the first and third transmembrane 
helices of the LHC superfamily (Dolganov et al., 
1995; Chapter 4, Green). 

B. Antenna Complexes Outside of 
Membranes — Phycobiliproteins 



Fig. 1. Arrangement of phycobilin-Chl a antenna systems in (a) 
Cyanophyta and (b) chloroplasts of Glaucophyta and Rhodophyta. 
Two photosynthetic units (PS I and II) are located in the membrane. 
The proteins represented by stippled symbols are CP47 and 
CP43, the core antennas of PS II, and those without stippling are 
reaction center proteins or phycobiliproteins. Phycobilisomes 
are located outside the membrane on the cytoplasmic 
(cyanobacterial) or stromal (chloroplast) surface. Phycobilisomes 
with hemidiscoidal shapes {upper and lower left) are common in 
Cyanophyta and Glaucophyta, and rod-like phycobilisomes {upper 
right) are found in the simple cyanobacterium Gloeobacter 
violaceus. Hemidiscoidal and hemispherical {lower right) 
morphologies are found in Rhodophyta, which also have a Chi a- 
binding LHC I (hatched) associated with the PS I core complex 



Cyanophyta, Glaucophyta, Rhodophyta and Crypto- 
phyta contain another type of antenna pigments, the 
phycobiliproteins. Phycobiliproteins are water- 
soluble proteins that attach externally to the 
photosynthetic membrane. In Cyanophyta, Glauco- 
phyta and Rhodophyta, phycobiliproteins form large 
assembled structures called phycobilisomes that are 
located on the stromal side of membranes (Section 
II. B. 5). In Cryptophyta, individual phycobiliproteins 
are located on the lumenal side of membranes and do 
not form phycobilisomes (Chapter 11, Hiller and 
Macpherson). 



polypeptides (the psbA and psbD gene products, Dj 
and D 2 ), which together bind only 6 Chls and 2 
pheophytins (Zouni et al., 2001). Additional 
polypeptides (the psbB and psbC gene products, 
CP47 and CP43) associate with the D j and D 2 proteins 
to form complexes that bind a total of approximately 
30 Chi a molecules and 10 j8-carotenes. Recently, 
crystal structures of the PS I (KrauB et al., 1996; 
Klukas et al., 1999a, b; Jordan et al., 2001) and PS II 
(Rhee et al, 1998; Zouni et al., 2001) core complexes 
from a cyanobacterium were resolved at resolutions 
of 2.5 and 3.8 A, respectively. 

In addition to the fundamental antenna systems of 
PS I and PS II described above, some prokaryotic 
cells that contain Chi b {Prochloron, Prochlorothrix) 
have an unusual Chl-protein called prochlorophyte 
chlorophyll binding protein (Pcb), which is thought 
to be related to CP43 (Green and Dunford, 1996; La 
Roche etal., 1996). Acaryochloris marina contains 
Chi J as a major Chi that is found in CP43/CP47 as 



1. Molecular Organization of Phycobiliproteins 

Figure 2 shows a schematic model of construction of 
the phycobilin-Chl a antenna system in cyanobacteria. 
Essentially the same scheme applies to Glaucophyta 
and Rhodophyta. The basic unit of all phycobili- 
proteins is a heterodimer of a and /3 subunits, each of 
which can carry either one, two or three chromophores 
depending on molecular species (Fig. 3). This unit is 
conventionally referred to as a monomer. Three of 
the a(3 monomers associate to form an (ap)^ trimer, 
which is the basic building block of phycobilisomes. 
The trimers assemble into hexamers {{ap)^) and 
larger structures with the help of additional ‘linker’ 
polypeptides, some of which also have bound 
pigments. 

The chromophores bound to phycobiliproteins are 
called phycobilins. These include four kinds of open- 
chain tetrapyrroles, whose molecular structures are 
shown in Fig. 4. The various chromophores differ in 
the number of conjugated double bonds and their 
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Fig. 2. Model for molecular assembly of phycobilisome-PS II complexes in cyanobacteria. Steps in the assembly of phycobilisomes from 
individual subunits are shown schematically. As discussed in the text, not all these processes have been characterized. 



sites of attachment to the protein, leading to 
differences in their optical properties. The four 
chromophores are the blue-colored phycocyanobilin 
(PCB), the red-colored phycoerythrobilin (PEB), the 
yellow-colored phycourobilin (PUB) and the purple- 
colored phycoviolobilin (PVB), which is also called 
cryptoviolin or phycobiliviolin. These chromophores 
are synthesized via branches of the biosynthetic 
pathways leading to heme and chlorophyll (Beale, 
1994, 1999). 

There are at least four types of phycobiliproteins: 
phycoerythrin (PE), phycoerythrocyanin (PEC), 
phycocyanin (PC) and allophycocyanin (APC), which 
differ in amino acid sequence, the number of 
chromophores per subunit, and the identities of the 
chromophores. The compositions of the individual 
phycobiliproteins are summarized in Table 1. The 
allophycocyanins include two additional molecular 
species (APC-B and the ‘anchorpolypeptide’), whose 
energy levels are lower than those of APC. APC-B is 
sometimes abbreviated to APB. PC and PE also have 
subclasses with variations in the chromophore 
species. 



Individual phycobiliprotein subunits are hereafter 
identified by a or (B with a superscript indicating the 
type of phycobiliprotein, for example or in 
the case of PC. As mentioned above, the functional 
unit for the formation of phycobilisomes is an (aP)^ 
trimer containing three identical a/3 monomers. Two 
such trimers form a hexamer, and in the case of PE 
one copy of an additional subunit (y) is also present 
per hexamer. Under physiological conditions, the 
minimum unit is the trimer and the monomer is not 
present. To obtain monomers, a high concentration 
of chaotropic anion is required (Murakami et al., 
1981). In APC, each a- or j8-subunit carries one 
PCB, whereas in PC, the a-subunit carries one PCB 
and the /3-subunit has two. In PEC, the a-subunit has 
one PVB, and the j8-subunit carries two PCBs. PE 
and PC have several patterns that are identified by a 
prefix B, b, C or R. C-PE has five PEBs (two in the a- 
subunitand three in the j8-subunit). B-PE and b-PE 
are optically very similar, with the same chromophore 
composition in the y subunit. They both have 
absorption maxima at 560 and 545 nm with a shoulder 
around 500 nm; however, the relative absorption of 
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Fig. 3. (a) Crystal structures of a- {left) and /3- {right) subunits of APC {top) (Brejc et al., 1996; 1 ALL.PDB). a-helical structural elements 
are labeled X, Y, A, B, E, F', F, G and H. The amino temiini are labeld 1 (or 3 in where residues 1 and 2 are disordered). The label 84 on 
the E helices shows the position of cysteine 84, to which the a-84 or j8-84 chromophore is bound. The a- and jS-subunits fold very similarly 
but their bilins have slightly different orientations, particularly in ring D. (b) Stereo view of crystal structures of the a- (middle) and (3- 
(bottom) subunits of R-PE (Chang et al., 1996; ILIA.PDB). One additional chromophore (a- 140) is attached to the a-subunit, and two 
additional chromophore (/3-155 and jS-50//3-61) to the j8-subunit. The attachment sites for these chromophores are labeled 140A, 50, 61 
and 155 (see the corresponding cysteines of b-FE in Table 2). 
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Fig. 4. Molecular structures of the four phycobilins. PCB, phycocyanobilin; PEB, phycoerythrobilin; PVB, phycoviolobilin; and PUB, 
phycourobilin. The thioether links to Cys residues of the apoproteins also are shown. Pyrrole ring A is on the left in each structure, and 
D on the right 



Table 1. Molecular species of phycobiliproteins and linker polypeptides 



Phycobiliprotein 


Subunit 

composition 


Chromophores in 
a-subunit /3-subunit 


Linkers 


Allophycocyanin (APC) 
APC 


(««3 


IPCB 


IPCB 


Lc’-^CLc^^XLcm 


APC-B 




IPCB 


IPCB 




Phycocyanin (PC) 
C-PC 


(«^)3 


IPCB 


2PCB 


T 8.9 T 34 T 29.5 
i^R , i-R , i-RC 


R-PC 




IPCB 


IPCB, IPEB 




Phycoerythrocyanin (PEC) 




IPVB 


2PCB 


T 35 


Phycoerythrin (PE) 
C-PE 




2PEB 


3PEB 


T 35 


b-PE 


(«/3)6T 


2PEB 


3PEB 




B-PE 




(2PEB & 2PUB in y) 
2PEB 3PEB 




R-PE 




(2PEB & 2PUB in y) 

2PEB 2PEB, IPUB 








(2PEB & 2PUB in y) 





In the case of PE, numbers in parentheses represent the chromophore composition of the y subunit. 
Molecular weights of linker polypeptides of M. laminosus are given as superscripts for APC, C-PC and 
PEC, and those of F. diplosiphon for C-PE. The molecular weights are variable, depending on the 
species. 



this shoulder is somewhat higher in B-PE than in b- 
PE. R-PE has two PEB in the a-subunit, two PEB 
and one PUB in the /3-subunit, and 2 PEB and 2 PUB 
on the y-subunit. 

All naturally occurring cyanobacteria and red algae 
produce APC and PC, even though many cyano- 
bacteria do not synthesize either PEC or PE, (Bryant, 
1982). An exception is a species of Prochlorococcus 



that reportedly contains only PE (Partensky et ah, 
1999). Almost all species of red algae synthesize PE, 
but several species resemble cyanobacteria in having 
only PC and APC. Cryptomonad phycobiliproteins 
have different peptide sequences and three- 
dimensional structures, and will be discussed 
separately in Section IVF. 
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2. Spectroscopic Properties of 
Phycobiiiproteins 

Each of the four kinds of phycobiliprotein has 
characteristic optical properties (Fig. 5). APC absorbs 
maximally between 650 and 655 nm; PC, between 
595 and 640 nm; PEC, between 570 and 575 nm; and 
PE, between 500 and 565 nm. The differences in the 
absorption spectra are caused by several factors, 
including variations in the chemical species and the 
three-dimensional conformation of the bound 
chromophore and differences in the electric field 
from the protein surrounding the chromophore 
(Section VA). In general, the absorption maximum 
shifts to the red with an increase in the number of 
conjugated double bonds. 

Phycobiiiproteins are highly fluorescent. The 
fluorescence yield of PC was estimated to be higher 
than 30% on the basis of the fluorescence lifetime of 
isolated C-PC (Yamazaki et al., 1984). This yield is 
not particularly high compared to the fluorescence 
yields of many chromophores in solution. For 
example, Chi a in organic solvents has a fluorescence 
yield of approximately 30%. However, the fluores- 
cence yield of Chi a in antenna systems is decreased 
to less than 10% of the yield in organic solvents, 
whereas the fluorescence yield of phycobilins remains 
high even in the antenna. Energy transfer between 
the chromophores occurs very efficiently in phyco- 
biiiproteins, with the result that most of the 
fluorescence is emitted by the chromophore whose 
energy level is the lowest in the complex. PE, for 
example, emits at 575 nm; PC, at 640 to 645 nm; and 
APC at 660 to 663 nm. In the case of ACP-B and the 
anchor polypeptide, emission maxima were observed 
between 680 and 685 nm or longer. The fluorescence 
properties are very important when we monitor energy 
transfer in phycobiiiproteins (Section III). 

3. Binding of Chromophores to 
Phycobiiiproteins 

The phycobilin chromophores of phycobiiiproteins 
are bound to the polypeptide chain at conserved 
positions, either by one cysteinyl thioether linkage 
through the vinyl substituent on pyrrole ring A of the 
phycobilin, or by two such linkages through the vinyl 
substituents on rings A and D (Fig. 4). In almost all 
cases, one phycobilin is attached at ring A to cysteine 
84 of the a-subunit, and a second phycobilin is 
bound similarly to cysteine 84 of the /3-subunit; these 
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Wavelength (nm) 



Fig. 5. Absorption spectra of various phycobiiiproteins. (1) RPE, 
(2) B-PE, (3) C-PE, (4) PEC, (5) R-PC, (6) C-PC and (7) APC. 
The spectra were measured in phosphate buffer ( 1 0 mM, pH 6.0) 
at room temperature. Under these conditions, the protein 
aggregates to form the trimer or hexamer, and the monomer is not 
present. 



chromophores are called a- 84 or /3-84 for con- 
venience. (The amino acid sequences of phycobiii- 
proteins usually are numbered on the basis of the 
numbering in PC because the crystal structure of PC 
was the first to be solved. This convention necessitates 
occasional insertions or deletions in the numbering 
for other phycobiiiproteins.) PC, PEC and PE bind a 
second chromophore to cysteine 1 55 in the j8-subunit, 
and the chromophore attached here is called (3-155 
(Figs. 3 and 6). In PE, the a-subunit also binds a 
second phycobilin at cysteine HOB, and cysteines 
50 and 61 of the /3-subunit bind a third phycobilin 
through rings A and D. These chromophores are 
denoted a- 140 and /3-50//3-61. 

The phycobilin contents of several cyanobacterial 
phycobiiiproteins are shown in Table 1 . PEC and PC 
differ in the chromophore attached to cysteine a-84. 
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R-PE 



APC 



C-PC 




Fig. 6. Crystal structures of three phycobiliproteins (APC, C-PC, and R-PE). These (aj8)3 trimers are drawn on the basis of the structures 
ofAPC(Brejcetal, 1995; lALL.PDB), C-PC (Durringetal., 1991; ICPC.PDB), and R-PE (Change! ah, 1996; ILIA.PDB). Each basic 
block, the trimer, is shown from a viewpoint along the symmetry axis, and chromophores are shown in space-filling representation. 
APC has one a-84 chromophore in each a-subunit (dark gray) and one /3-84 chromophore in each j8-subunit (light gray). In C-PC, j3-155 
chromophores are added compared to APC. In R-PE, a- 140 chromophores and /3-50//3-61 chromophores are added compared to C-PC. 
See Color Plate 8. 



which is PCB in PC and PVB in PEC. APC containing 
PUB (phycocyanin WH8501) also has been isolated 
(Swanson et ah, 1991). To express this diversity, it 
has been proposed that phycobiliproteins be renamed 
with a two- or three-letter prefix Identifying the 
phycobilin composition (MacColl, 1 998). According 
to this proposal, PEC is CV-phycocyanin and phyco- 
cyanin WH8501 is CU-phycocyanin, where C, U, 
and V represent PCB, PUB, and PVB, respectively. 

The folding and oligomerization of phycobili- 
proteins packs the a-84 and j8-84 chromophores 
centrally around the symmetry axis of the trimer, and 
puts the a-140, (3-155 and (3-50/(3-61 chromophores, 
if they are present, on the outside (Fig. 6). Variations 
in the chromophores bound to cysteines a- 1 40, /3- 1 5 5 
and (3-50/(3-61 require only relatively small adjust- 
ments in the tertiary and quaternary structure of the 
protein. The three-dimensional structures of all the 
phycobiliproteins thus are very similar. The wide 
separation of the binding sites avoids short-range 
interactions between chromophores, which could 
lead to quenching of fluorescence. 

4. Evolution of the Phycobiliprotein Family and 
Linkage to the Globin Family 

All phycobiliproteins except for the a-subunit of 
Cryptophyta have been assigned to the globin family 



of proteins because they fold to form a globin-like 
domain, even though the level of amino acid identity 
is not statistically significant. (Ducret et al, 1994; 
Sidler, 1994; Apt et al, 1995). The similarity in the 
three-dimensional structures and the conserved 
chromophore binding site in myoglobin and 
phycobiliproteins support the view that these proteins 
emerged from a common ancestor. Hardison (1998) 
has pointed out the continuous presence of the globin 
family from bacteria to eukaryotes, and non- 
photosynthetic prokaryotes have been reported to 
contain globin-family proteins that could be related 
to the phycobiliproteins (Wakabayashi et al., 1986). 
Phycocyanins are assumed to have branched off 
from an ancestral hemoprotein gene very early, so 
that the present-day proteins do not have enough 
sequence similarity to the rest of the globin family to 
make an entirely convincing tree of all the globins. 

A phylogenetic tree of phycobiliproteins can be 
drawn (Fig. 7 in Chapter 4, Green) since their 
sequence identity is in the range of 20 to 30% 
(Table 2). The proteins presumably have evolved by 
duplication of the gene encoding an individual 
subunit, followed by mutations of amino acid residues 
at multiple sites. One point of interest is the branching 
of the linker protein away from the a- and (3- 
subunits of APC (Redlinger and Gantt, 1982). 
which is sometimes called the ‘anchor’ protein. 



Table 2. Primary sequence of several typical phycobiliproteins 
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stabilizing the chromophores (aspartic acid, D) are printed in white on black backgrounds. Other residues that are conserved in both the a and subunits are shown in dark gray, and 
residues that are conserved only in one subunit are in light gray. The PGGNxY motif is boxed. The sequence numbering is based on the ^-subunit of C-PC, and requires some deletions 
and/or insertions in the other sequences. Bars and letters above the sequences indicate the a-helical regions of C-PC. 
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contains a chromophore binding site and associates 
with APC subunits in phycobilisomes (see below). 
The separation of from the a- and /3-subunits 
thus may be critical for the evolution of phyco- 
bilisomes. However, there are two contradictory 
analyses of the branching point of the anchor 
polypeptide (Ducret et al., 1994; Apt et al., 1995). 
Another interesting, and possibly related feature is 
the grouping of the a- and j8-subunits of APC. 
Although Sidler (1994) has suggested that these two 
subunits belong to the same branch of the phylogenetic 
tree, other analyses favor placing them on different 
branches (Ducret et al, 1994; Apt et al., 1995). The 
phylogenetic tree of phycobiliproteins thus remains 
to be clearly resolved. 

Comparisons of the chromophore attachment sites 
in various phycobiliproteins suggest that the 
attachment site at cysteine a-84 or j8-84 has been 
conserved in APC, PC, PEC, C-PE, B-PE and b-PE, 
and may be primordial. During evolution, each 
additional binding site apparently was acquired by 
insertion of a small peptide containing a cysteine 
residue as an attachment site. In line with this scheme, 
the total number of chromophores per a (3 unit 
increases with time in the phylogenetic tree: APC 
has two chromophores, PC and PEC have three, and 
PE has five. As noted above, these additional chromo- 
phores are found in loops on the protein surface and 
are at the periphery of the structure (Fig. 6). 
Along with each new chromophore-binding cysteine, 
an aspartic acid residue also was added, probably to 
tailor the electronic states of the chromophore (see 
below). The combination of a cysteine residue as a 
binding site and a nearby aspartic acid residue thus 
appears to be a critical index for the evolutionary 
development of phycobiliproteins. The choice of the 
chromophore also changed with evolution. The 
phycobiliproteins at the periphery have chromophores 
that absorb light at shorter wavelengths (higher 
energy) than those at the center. This selection of 
molecular species ensures a high probability of light 
absorption over a very broad spectrum and creates a 
gradient of energy levels that favors efficient energy 
transfer to the core (see below). 

5. Phycobilisome Architecture 

Phycobiliproteins function in assembled forms, 
phycobilisomes, in cyanobacteria, Glaucophyta and 
red algae, while a much smaller form is the functional 
unit in Crypotophyta (Section IVF). Phycobilisomes 



were first discovered on the surface of thylakoid 
membranes in the red alga Porphyridium cruentum 
(Gantt and Conti, 1966), and subsequently were 
found in many species of cyanobacteria and 
Glaucophyta (Giddings et al., 1983). The overall 
morphology of phycobilisomes has been investigated 
extensively by electron microscopy (Gantt and Conti, 
1966; Gantt et al., 1968). There are two typical types 
of morphology, hemidiscoidal and hemiellipsoidal 
(Fig. 1 ). The hemidiscoidal shape is found throughout 
phycobilin-containing organisms, whereas the 
hemiellipsoidal shape is seen mainly in cells rich in 
PE. A third, rod-like morphology was described in 
the cyanobacterium Gloeobacter violaceus, but is 
exceptional (Guglielmi et al., 1981). 

The basic structure of hemidiscoidal phycobili- 
somes consists of a set of rods radiating from a 
central core (Fig. 2). Each of the rods is constructed 
from a pile of phycobiliprotein (afS)^ units. These 
units contain PC as an essential constituent, and 
often contain PE and/or PEC as well, depending on 
the organism. The core, which attaches to the thyla- 
koid membrane, is made up of a small and variable 
number of APC units. In an AN 1 12 mutant of Syne- 
chococcus PCC 6301 the core contains only two 
dodecamer APC units, while in Mastigocladus 
laminosus it contains three dodecamer and two hex- 
amer units (Glazer et al., 1985). However, the basic 
morphology always consists of a pile of cylinders 
aligned laterally. 

The structure of hemiellipsoidal phycobilisomes 
is less clear. However, antibodies raised against PE 
bind to the outer surface and antibodies to APC bind 
to the flat end part of hemiellipsoidal phycobilisomes 
(Gantt et al., 1976), suggesting that the overall 
morphology is identical to that of hemidiscoidal 
phycobilisomes. Since APC has the lowest energy 
levels of all the phycobiliproteins, a gradient of 
energy level to thylakoid membranes exists in both 
types of phycobilisomes. 

In addition to phycobiliproteins, phycobilisomes 
contain colorless linker polypeptides that connect 
the phycobiliproteins (Fig. 2). Linker polypeptides 
are abbreviated L with a subscript to indicate their 
location in the phycobilisome and, in some cases, a 
superscript for the molecular mass in kD (Glazer, 
1985). There are four types of linkers: linkers within 
the rod structure (Lj^), linkers that connect the rod to 
the core (Lj^^.), linkers within the core (L^,), and 
linkers that connect the core to the thylakoid 
membrane (L^m)- 1-cm appears to be a unique species. 
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but each of the other three groups includes several 
different proteins. and are small polypeptides 
that sit on the distal ends of rods; and 

are involved in elongating the rod and positioning 
the hexamers within the rod (de Lorimier et ah, 
1990). is usually a small polypeptide with a 
molecular mass of 9 kDa; (the anchor poly- 
peptide) is a much larger protein with a molecular 
mass in the range of 60 to 120 kDa (Redlinger and 
Gantt, 1982). 

Because the molecular structure of the C-PE trimer 
is very similar to those of PC and APC, replacing PC 
by C-PE during chromatic adaptation (Grossman et 
al., 1993) probably does not change the overall 
morphology of phycobilisomes. However, the 
association of the y-subunit with B-PE or R-PE may 
lead to a somewhat different morphology (Ficner 
and Huber, 1993). 



III. Energy Flow in Antenna Systems of 
Cyanobacteria 

Phycobilisomes are efficient antenna systems and 
the light energy they absorb is transferred rapidly to 
the RC in the thylakoid membranes through antenna 
complexes in the membranes. The steps of the energy- 
transfer process can be resolved by fluorescence 
spectroscopy, as shown in Fig. 7A for whole cells of 
the cyanobacterium Anabaena variabilis (M-3) at 
-196 °C (Mimuro, 1990). Upon excitation of C-PC 
at 580 nm, the emission peaking at 645 nm shortly 
after the excitation comes from PC, which absorbed 
most of the 580-nm excitation flash in these 
experiments. Fluorescence at 660 nm from APC 
grows on a time scale of several hundred ps after the 
excitation, and is followed by emission from the Chi 
a of both PS II (685 and 695 nm) and PS I (730 nm). 




600 650 700 

Wavelength (nm) 



Fig. 1. Excitation energy flow in the cyanobacterium variabilis (M-3). Time-resolved fluorescence spectra at -196 °C in intact 

cells (A) (Mimuro, 1 990) and isolated phycobilisomes (B) (Mimuro et ah, 1 989) are shown. An excitation wavelength of 580 nm was used 
to excite C-PC preferentially. 
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Yamazaki et al. (1984) have made similar measure- 
ments in the red alga Porphyridium cruentum and 
Anacystis nidulans {Synechococcus sp. PCC 6301)). 

The excitation spectrum for PS I emission at low 
temperature shows that phycobilisomes serve as an 
antenna for PSI as well as PS II (Ley and Butler, 
1977; Mimuro and Fujita, 1 977), but the pathways of 
energy transfer from phycobilisomes to PS I are not 
entirely clear. There are two possible pathways: a 
direct route from phycobilisomes to the PS I core 
complex, as proposed by Mullineaux et al. (1994, 
1 997), and an indirect route via PS II. Ley and Butler 
(1977) showed that about 50% of the energy absorbed 
by phycobilisomes is transferred to PS I when the 
PS II traps are open, and that this portion increases to 
more than 90% when the PS II traps are closed. 
Because the probability of charge recombination in 
PS II RCs is usually very low when the traps are open 
(less than 1% in intact cells (Haug et al., 1972; 
Arnold, 1991)), it is unlikely that the transfer of 
energy to PS I represents only the excess energy 
released by charge-recombination. It appears, rather, 
to reflect either a direct connection of phycobilisomes 
to PS I or a constitutive process in which energy 
flows transiently through the PS II antenna. If phyco- 
bilisomes are connected directly to PS I, we might 
expect the rise time of phycobilin-sensitized emission 
from PS I at low temperature to be much shorter than 
that of emission from PS II; however, to our 
knowledge, such fluorescence kinetics have not been 
described. In the measurements shown in Fig. 7A, 
for example, fluorescence from PS I and PS II rose 
with essentially the same kinetics. 

Evidence for heterogeneous energy levels in 
phycobiliproteins was found in time-resolved 
fluorescence spectra of intact cells (Mimuro, 1990) 
and isolated phycobilisomes (Mimuro et al., 1989) 
(Fig. 7). The emission peak of PC shifted from 638 
nm to 645 nm with time, suggesting a successive 
shift of the main population of excited components. 
A smaller shift from 660 to 663 nm occurred in APC. 
In PS II, the emission maximum appeared initially at 
684 nm and then shifted to 695 nm. Since the 685- 
and 695-nm components are known to be distinct 
(Murata and Satoh, 1986), the shift of the emission 
spectrum probably reflects movements of the 
excitation through a succession of components rather 
than a relaxation of a homogeneous population. In 
the case of PS I Chi a, the peak appeared first at 
approximately 715 nm and then shifted to 730 nm 
with time. This shift of the Chi a emission also 



suggests a migration of the excitation among several 
spectral components of PS I. 

The transfer of energy from PC to APC is 
particularly clear in the time-resolved emission 
spectrum when PC is excited in isolated phycobili- 
somes (Fig. 7B). Shifts of the emission maxima 
again were discernible; the emission peaked initially 
at 638, 660, and 680 nm for PC, APC and the final 
emitter, respectively, and shifted to 645, 666, and 
686 nm, respectively, with time. These results suggest 
that each component of the phycobilisome is signifi- 
cantly heterogeneous. 

The sequence of energy transfer in the phyco- 
bilisome antenna follows the gradient of energy 
levels in the pigments. At the connecting site of 
phycobilisomes to membranes, there are two 
specialized phycobiliproteins, and the anchor 
polypeptide (L^^^), either of which could, in principle, 
serve as the energy donor to the Chi a antenna in the 
membranes. The pigment in these proteins has a 
fluorescence maximum around 685 nm, very close to 
the level of the Chi a antenna. The functions of 
and were examined by fluorescence polarization 
spectroscopy (Mimuro et al., 1986b). The excitation 
polarization spectrum at -196 °C showed that 
was connected to the antenna in the membranes. This 
was confirmed by studies of a mutant lacking the 
gene (Zhao et al., 1992). The does not transfer 
energy to Chi a in the membranes, and therefore, is 
postulated to be the terminal pigment in the 
phycobilisome. 

The overall efficiency of energy transfer from 
phycobilisomes to the RC has been estimated to be 
about 80 to 90% by comparison of the excitation 
spectrum of fluorescence with absorption spectrum. 
Compared with the antenna systems of other 
organisms, this value is not particularly high. Energy 
flow in red algae has not been discussed extensively. 
However, the time-resolved fluorescence spectra show 
that the flow in these organisms is essentially identical 
to that in cyanobacteria (Yamazaki et al., 1984). 

IV. Three-Dimensional Structures of 
Phycobiliproteins 

A. Basic Structures 

Three-dimensional structures of the four known kinds 
of phycobiliproteins are similar, despite the relatively 
low level of amino acid identity in the primary 




Chapter 9 Cyanophyta and Rhodophyta 

sequences (Table 2). As mentioned above, phycobili- 
proteins are assigned to the globin family and their 
overall folding is similar to that of myoglobin. Their 
a-helical structural elements were, therefore, named 
following the scheme used for myoglobin (Schirmer 
etal, 1985). 

The ( 0:^)3 trimer which has a three-fold axis serves 
as the basic block of a phycobilisome ( Fig. 6 ). The a- 
and /3-subunits are almost alike in three-dimensional 
structure, although they differ in molecular mass and 
amino acid sequence. Both subunits are composed of 
nine a-helices connected by irregular turns (Fig. 3). 
The tertiary structures of and resemble those 
of and except in the loop between the G and 
H helices of /3^^. Ten additional amino acid residues 
are inserted here in /3^^, and one of these residues 
binds an additional chromophore (Fig. 6 ). 

Each a- or j 8 -subunit consists of two domains. 
Since one of these domains has a fold similar to that 
of myoglobin, this domain is sometimes called the 
globin-like domain and its a-helices are named A, B, 
E, F, G, and H after the corresponding helices of 
myoglobin. The other domain consists of two 
additional helices that stick out from the globin-like 
domain and are unique to phycobiliproteins. These 
helices are named X and Y, and we call this domain 
the X-Y helices domain. Because all the phycobilins 
are attached in the globin-like domain, this domain 
may be said to have the function of light harvesting, 
while the X-Y helices domain might be said to form 
the basic block structure of the phycobilisome. Helix 
F is divided into two helices (F and F'), giving a total 
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of nine helices in the order X, Y, A, B, E, F', F, G, and 
H from the N-terminal end of the protein (Schirmer 
et al., 1986). The three-dimensional structures of 
many phycobiliproteins are abailable in the 
Brookhaven Protein Data Bank database (http:// 
www.rcsb.org/pdb). The file names and resolutions 
as of October, 2002 are shown in Table 3. 

B. Allophycocyanin (APC) 

The and /3^^^ subunits of Spirulina platensis 
consist of 160 and 161 amino acid residues, 
respectively (Sidler et al., 1981; Brejc et al., 1995). 
Each subunit has only one chromophore, phyco- 
cyanobilin (PCB) (Chapman et al., 1967), which is 
bound covalently to the polypeptide at cysteine 84 
(a-84 or j8-84) (Fig. 3). 

The crystal structure analysis and refinement of 
the APC trimer was first reported from 

S. platensis at 2.3 A resolution (Brejc et al., 1995; 
Brookhaven Protein Data Bank file lALL.PDB). 
Although the sequence identity between the subunits 
is only 38% for the consensus sequences, and 
^Apc same folding pattern and almost 

identical structures (Fig. 3). However, there are two 
significant differences between the and (3^^^ 
subunits. One is in the N-terminal region of the 
protein, which is shorter by two residues in than 

in ( Fig. 3 and Table 2). The other is in the BE 
loop, where the 63rd amino acid is deleted in 
Due to this deletion, the BE loop is more kinked in 
/3"^^^ than in and the first part of the BE loop of 



Table 3. Crystal structure of phycobiliproteins found in Brookhaven Protein Data Bank at the end of October, 2002 
Phycobiliprotein PDB file name Resolution Deposition Date Reference 

APC lALL 

1B33 



C-PC 


ICPC 




IGHO 




1HA7 




1I7Y 




IKTP 




IPHN 


R-PC 


1F99 


R-PE 


1B8D 




lEYX 




ILIA 


PE 545 


IQGW 



2.30 A 


01 -Mar- 1995 


2.30 A 


15-Dec- 1998 


1.66 A 


11 -Oct- 1990 


2.20 A 


29-Oct-2000 


2.20 A 


28-Mar-2001 


2.50 A 


11 -Mar-2001 


1.60 A 


17-Jan-2002 


1.65 A 


21-Jun-1995 


2.40 A 


09-Jul-2000 


1.90 A 


29-Jan-1999 


2.25 A 


09-May-2000 


2.80 A 


29-Jan-1996 


1.63 A 


10-May- 1999 



Brejc et al., 1995 
Reuter etal, 1999 

Durring et ah, 1991 
Wang et al, 2001 
Padyana et ah, 2001 
Adir et al., 2001 
Adir et al., unpublished 
Stec et al., 1999 

Jiang et al., 2001 

Ritter et al., 1999 
Contreras-Martel et al., 2001 
Chang et al., 1996 

Wilk et al., 1999 
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Fig. 8. The APC with the linker polypeptide in the cavity of the trimer. The figure was drawn on the basis of PDB structure file 

1B33.PDB (Reuter et aL, 1999). The a and jS subunits of APC are shown with a ribbon representation in dark or light gray, respectively, 
and all the chromophores (a-84 and j3-84) are shown by a space-filling representation. The linker polypeptide interacts directly with 
the two of the three /3-84 chromophores (Reuter et al., 1999). See Color Plate 9. 



the 13^^^ monomer interacts with the chromophore a- 
84 of the neighboring monomer (Fig. 6 ). In contrast, 
the corresponding part of the BE loop in (from 
a-61 to a-66) is completely exposed to the solvent 
and does not make any contacts with the chromo- 
phore. The second part of the BE loop in both 
and is important for the protein-chromophore 
interactions within the same subunit (Fig. 3). This 
region consists of the conserved motif PGGNxY 
from amino acid residues 69 to 76 (residues 73 and 
74 are deleted). Its conformation is almost identical 
in the two subunits, although [3^^^ has a methylated 
asparagine at position 72 with the methyl group 
pointing towards chromophore /3-84. 

The crystal structure of M. laminosus APC with a 
linker polypeptide has been described at 2.2 A 
resolution (Reuter et al., 1999; 1B33.PDB) (Fig. 8 ). 
(The numbering of the amino acid residues differs in 
this report because of the neglect of a deletion.) The 
{aj3)^ complex from this organism contains one copy 
of the ^ linker polypeptide, which has a molecular 



mass of 7.8 kDa (formerly thought to be 8.9 or 10 
kDa). The linker polypeptide is located in the central 
channel of the APC trimer. It has an elongated shape 
and consists of a three-stranded jS-sheet (Leu3-Leu9, 
Tyr26-Pro32, and Lys49-Leu55), two a-helices 
(Leu22-Thr25, which has only one turn, andTyr33- 
Met46), and connecting random-coil segments. 
Approximately half the surface area of the linker is 
buried in the complex. The binding of breaks the 

C 3 symmetry of the trimer, and the trimer is flattened 
along the C 3 symmetry axis (Reuter et al., 1999). 
Interestingly, the linker polypeptide is not bound 
to all three a(3 monomers in the trimer; it binds 
predominantly to two of the /3-subunits and it interacts 
directly with the chromophores of these subunits 
(Reuter et al., 1999). 

Binding of a linker polypeptide induces changes 
in the absorption properties of APC. In the monomer, 
the absorption maximum is located at 615 nm, and 
either of the two chromophores has almost the same 
absorption maximum (Fiiglistaller et al., 1 987). When 
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the monomer APC forms the trimer without a linker 
polypeptide, the maximum is at 650 nm with two 
shoulders at approximately 620 and 600 nm. When a 
linker polypeptide was bound to the trimer, the 
absorption maximum shifted to the red by 1 or 2 nm, 
and the shoulder at 620 nm disappeared, while the 
600-nm shoulder remained. The extinction coefficient 
of the 650-nm band increased, accompanied by a 
decrease in the 620-nm extinction. These two bands 
therefore were assigned to the /3-chromophores that 
interact directly with the linker polypeptide (Reuter 
etal., 1999). 

These results indicate that differences in the protein 
structures result in differences in the electric fields 
around the chromophores (Schneider et al., 1995). 
The absorption and emission properties of the 
chromophores are important for energy transfer 
(Section VI). The sequence homology of the first part 
of the BE loop in APC, PC, and b-PE is not high 
between two subunits, whereas the second part is 
more conserved (Table 2). Hopefully, crystal 
structures of the APC-L^^j^ complex and of complexes 
containing both and will lead to better 
understanding of energy transfer in the phycobilisome 
core and from the core to the PS II antenna in 
thylakoid membranes. 

The and subunits of the a[3 monomer 
interact predominantly through their hydrophobic X 
and Y helices. In this arrangement, the a-84 and jS-84 
chromophores are separated at the ends of individual 
subunits by a center-to-center distance of 45 A. 
However, when a trimer is formed by three identical 
monomers, the a-84 chromophore in each monomer 
is located relatively near the j8-84 chromophore of an 
adjacent monomer, with a center-to-center distance 
of about 2 1 A. This location of chromophores in the 
trimer is conserved in all known phycobiliproteins 
and appears to be a basic strategy for efficient energy 
transfer between trimers. 

The crystal structure of APC isolated from a red 
alga Porphyra yezoensis has been described at 2.2 A 
resolution (Liu et al., 1 999); however, the coordinates 
are not available through the Protein Data Bank at 
the time of writing. 

C. Phycocyanin (PC) 

The two subunits of M. laminosus consist of 162 
(a^^) and 1 72 (/3^^) amino acid residues (Frank et al., 
1978). The blue-colored, deep-red-fluorescent PC is 
the predominant form of PC and contains three PCB 
chromophores per ap monomer. PCBs are covalently 
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attached to the polypeptides through cysteines o:-84, 
/3-84, and /3-155. The maximum wavelength of light 
absorption ranges from 595 to 640 nm. 

The crystal structure of the PC trimer was first 
solved in M laminosus (SchkmQv Qtal., 1985, 1986, 
1987). The structure of PC from the cyanobacterium 
Fremyella diplosiphon (C-PC) then was reported at 
1.66 A resolution (Durring etal., 1991; ICPC.PDB), 
followed by that of PC from C. caldarium at 1.65 A 
resolution (Stec et al., 1999; IPHN.PDB). Recently, 
several additional crystal structures of PC were 
reported (Adir et al., 2001 (1174), 2002 (IKTP); 
Padyana et al., 2001 (1HA7); Wang et al., 2001 
(lGH0);Table3). 

The folding pattern of and is the same as in 

APC. However, the sequence identity between 
and is 26%, which is lower than that in APC. This 
difference between APC and PC results mainly from 
an insertion of ten residues (/3- 1 50 to j8- 1 59) in PC at 
the end of the GH loop (/3- 145 to /3- 1 55) and the start 
of helix H (j8-156 to ^-172). A PCB chromophore is 
attached through ^-Cysl55 in this insertion. The 
absorption maximum of this chromophore (596 nm) 
is the shortest of the three chromophores in the a(3 
monomer of PC (Mimuro et al., 1986a). The ten- 
residue insertion thus is significant for functional 
aspects of the phycobilisome. 

The PGGNxY motif in the BE loop is conserved in 
but is not well conserved in (Table 2). This 
could reflect the fact that the PGGNxY motif of 
is exposed to the solvent and does not interact with 
peptides of other phycobiliproteins, while the 
PGGNxY motif of the interacts with the a-84 of 
the neighboring monomer ( Fig. 6). 

The arrangement of chromophores a-84 and /3-84 
in the PC trimer is essentially identical to that in 
APC; the third chromophore, jS-155, is distant from 
both a-84 and j8-84, with a center-to-center distance 
of 45 A. When the hexamer is formed by face-to-face 
attachment of two trimers, the chromophores in the 
two trimers are arranged in close proximity to each 
other. This arrangement again facilitates fast and 
efficient energy transfer between the rod components. 
The linker protein also plays an important role in 
energy transfer in the rod by forming an energy 
gradient to the core (Glauser et al., 1993), but its 
location in the structure is still unknown. 

As for R-PC, the amino acid sequences of the R- 
PC subunits in the red alga P cruentum are known 
(Ducret et al., 1994). R-PC from this alga resembles 
C-PC in forming trimers, but differs in 

the replacement of PCB by PEB at the 13-155 position 
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(Glazer, 1985; Ducret et al., 1994). The crystal 
structure of R-PC from the red alga Polysiphonia 
urceolata at 2.4 A was reported (Jiang et al., 2001; 
1F99). In this R-PC, the /3-155 chromophore is also 
PEB, not PCB. 

D. Phycoerythrocyanin (PEC) 

Many cyanobacteria do not synthesize either PEC or 
PE (Bryant, 1982). However, M. laminosus does 
synthesize PEC, and the amino acid sequences of all 
three phycobiliproteins, APC, PC, and PEC, from M. 
laminosus have been determined (Frank et al., 1978; 
Sidleretal., 1981; Fiiglistalleret al., 1983). a^^^has 
162 amino acid residues and carries the purple- 
colored phycoviolobilin(PVB); 171 residues 

with PCBs at ^-Cys84 and jS-Cysl55. Their amino 
acid sequences are similar to those of the PC subunits. 
PEC crystals from M. laminosus have been 
characterized by Riimbeli et al. (1985), and the 
three-dimensional structure has been described at 
2.7 A resolution (Diirring et al, 1990). The protein 
and chromophore structures of the PEC subunits are 
very similar to those of PC except for the substitution 
of PVB for PCB in the a-subunit, and the spatial 
arrangement of the chromophores in the PEC trimer 
is essentially identical to that in PC (Diirring et al., 
1 990). The conjugated ;r-electronic system in PVB is 
shorter than that in PCB, extending over only three of 
the four pyrrole rings (Fig. 4). PVB absorbs light 
around 575 nm and has the highest energy level in 
phycobilisomes consisting of PEC, PC and APC. 
PEC usually is located on the periphery of the 
phycobilisome, allowing for energy transfer to the 
pigments with lower energies. 

Optical spectroscopy and NMR measurements 
have shown that the PVB in the a-subunit of PEC can 
undergo an isomerization of the C15-C16 double 
bond between ring C and D (Zhao et al., 1995a, 
1995b; Forstendorf et al., 1997). Some authors have 
speculated that PEC can act as a photoreceptor similar 
to phytochrome (Brune et al., 1988). However, the 
exact physiological role of the photoreaction is not 
known. 

£ Phycoerythrin (PE) 

B-PE consists of three different subunits and its 
basic unit is an {a 13) aggregate. The (af3)^ structure 
is formed by face-to-face aggregation of the trimer 
(aj8)3, which is the basic unit in APC or PC. The 



structure of the trimer (ap)^ is similar to that of APC 
and PC. However, the chromophores differ from 
those of APC and PC. a®^^ contains two PEBs per 
monomer; has three PEBs; and has two 
PEBs and two PUBs. The conjugated ;r-electron 
systems of these chromophores are shorter than that 
in PCB, the predominant chromophore of APC and 
PC. PEB resembles PVB in having three of the four 
pyrrole rings conjugated, but these are rings A, B and 
C in PEB, and rings B, C and D in PVB ( Fig. 4). In 
PUB, the conjugated region is shorter still, including 
only rings B and C. 

The three-dimensional structure of B-PE from the 
red alga Porphyridium sordidum is known at 2.2 A 
resolution (Ficner et al., 1 992), and that of b-PE from 
P. cruentum at 2.3 A resolution (Ficner et al., 1993). 
b-PE and B-PE have very similar subunit structures 
and compositions ((aj8)^7), and both have absorption 
maxima at 560 and 545 nm with a shoulder around 
500 nm. However, the relative absorption of this 
shoulder is somewhat higher in B-PE than in b-PE. 
Again, the three-dimensional structures of the a- and 
/3-subunits resemble those of APC, PC and PEC 
(Schirmer et al., 1987; Diirring et al., 1991; Brejc et 
al., 1995). 

The and /3^^^ subunits are both slightly larger 
than the corresponding PC subunits, containing 164 
and 177 amino acid residues, respectively (Sidler et. 
al., 1989). The five PEBs are attached to cysteines 
a-84, a-140, /3-84, /3-155 and jS-50//3-61. (Cysteines 
j8-50 and (3-61 provide two cysteinyl-thioether 
linkages to the same PEB through the vinyl 
substituents on pyrrole rings A and D (Fig. 4).) The 
maximum wavelength of light absorption is 540- 
560 nm. 

The main differences between the b-PE and PC 
structures arise from deletion of residues a-67 and 
a-68 in the a-subunit, insertion of four residues 
(C VPR) beginning with cysteine 1 40 in the a-subunit, 
and the insertion of five residues beginning with 
threonine 148 in the /3-subunit (Table 2). These 
alterations make the sequence identity between the 
a- and ^-subunits in b-PE lower than that in PC. The 
deletion of residues a-67 and a-68 changes the BE 
loop in the a-subunit and affects the interaction with 
the chromophore a-84. This may be related to 
variations in the absorption spectrum of the 
chromophore a-84. The insertion of four amino acids 
at a-140 extends the GH loop, and allows PEB to be 
attached to the additional cysteine residue at this 
position. The insertion of five amino acid residues at 
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j8-148 extends the GH loop in the /3-subunit. The 
enlarged GH loop interacts with the additional 
chromophore of the /3-subunit, the /3-50//3-61 
chromophore. This feature is found in B-PE or R-PE 
in addition to b-PE, and can be seen in the R-PE 
structure shown in Fig. 6. The two additional 
chromophores (a-140 and /3-50/j8-61) in PE com- 
pared with PC could be one of the strategies for 
gathering excitation energy into the phycobilisome 
core, in addition to absorbing light at shorter 
wavelengths. 

The crystal structure of R-PE from R urceolate 
was determined at 2.8 A resolution (Chang et al, 
1 996; 1 LIA.PDB). This structure was recently refined 
to a resolution 1.9 A (Jiang et al., 1999), but the 
model is not yet found in the PDB. The crystal 
structure of R-PE from G. monilis has been described 
at 1.90 A resolution (Ritter etal., 1999; 1B8D.PDB). 
The three-dimensional structure of R-PE (Fig. 3b) is 
similar to that of B-PE from P. sordidum except for 
two main differences in the chromophore composi- 
tion. The y-subunit has three PUBs and one PEB in 
R-PE, but two PUBs and two PEBs in B-PE. The /3- 
subunit has PUB bound to /3-50//3-61 in R-PE, but 
PEB in B-PE. The crystal structure of R-PE from 
Gracilaria chilensis at 2.4 A resolution has also been 
described (Contreras-Martel et al., 2001; lEYX). 

Although the amino acid sequence and optical 
properties of C-PE are well known (Table 2), its 
three-dimensional structure has not yet been 
described. 

F. Cryptophycean Phycoerythrin (PE) 

The phycobiliproteins of Cryptophyta differ from 
those of cyanobacteria and red algae in several 
respects (Glazer and Wedemayer 1995; Wedemayer 
et al., 1996; Chapter 11, Hiller and Macpherson). 
First, phycobilisomes are not found in Cryptophyta] 
instead, a phycobiliprotein dimer serves as the 
functional unit. In addition, each of the known species 
of cryptophytes contains only one type of phyco- 
biliprotein, which is invariably either PC or PE; APC 
has not been detected (Sidler, 1 994). This restriction, 
however, still allows substantial variation of the 
absorption spectrum; typical examples are PE545, 
PE565, and PC645, where the numbers indicate the 
absorption maxima. A third difference is that the 
phycobiliproteins attach to the lumenal side of the 
thylakoid membranes, not to the cytoplasmic side as 
in cyanobacteria and red algae. Accompanying this 
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localization, the PS II fluorescence maximum at 
-1 96 °C changes from 685 nm to 688 nm (Mimuro et 
al., 1998). 

Like other phycobiliproteins, cryptophycean 
phycobiliproteins consist of a- and ^-subunits. But 
while the /3-subunit is similar to other ^-subunits, the 
a-subunit has a shorter primary sequence. This 
variation results in a significant difference in the 
three-dimensional structures. Wilk et al. (1999) have 
described the crystal structure of PE545 from 
Rhodomonas CS24 at 1.63 A resolution. The 
functional unit is an (a;/3)(a^/3) heterodimer. A 
striking feature of the a-subunits is the presence of 
jS-sheet structure that has not been found in other 
phycobiliproteins. In the /3-subunit, the N-terminal 
part is different; the X-Y helices are replaced by a 
single Y-helix, which does not protrude from the 
globin-fold domain. Thus the hydrophobic domain 
that forms the interface between monomers in other 
phycobiliproteins is missing in the cryptophycean 
PE, preventing the formation of higher-order 
structures such as an trimer. 

The arrangement of chromophores in PE545 is 
unlike that in any of the other known structures. One 
chromophore is bound to each a-subunit and three to 
the ^-subunit. One chromophore on the j8-subunit 
links to the protein through two thioether bonds (jS- 
50/j8-61). This chromophore in the a^/3 monomer is 
located close to the corresponding chromophore in 
the a^/3 monomer, leading to exciton absorption 
bands with relatively strong circular dichroism 
(MacColl et al., 1998; Wilk et al., 1999). The 
chromophore of the a-subunit monomer appears to 
serve as the final energy acceptor in the (aa, a(3) 
complex. 

G. Modification of the Three-Dimensional 
Structures by Linker Polypeptides 

Binding of linker polypeptides to phycobiliproteins 
affects the energy levels of the chromophores, 
probably through modifications of protein structure. 
The sensitivity of the optical properties of individual 
chromophores to binding of linker polypeptides was 
seen clearly in the PC of Synechocystis sp. PCC 
6701 . PC hexamers located at the outer end, middle, 
and core end of a rod bind three different colorless 
linker polypeptides, with molecular masses of 3 1 .5, 
33.5 and 27 kDa, respectively (Glazer, 1985). The 
complexes of the outer, middle, and core-end hexamer 
with their linker polypeptides have fluorescence 
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maxima at 643, 648 and 652 nm, respectively. This 
gradient of decreasing energy levels towards the 
inside of the rod structure parallels the absorption 
maxima (Glazer, 1985; Glauser et al, 1993), and 
causes a successive shift of the emission maximum 
in time-resolved fluorescence spectra (Mimuro et 
al, 1989). These results indicate that, in addition to 
connecting the phycobiliprotein building blocks, 
linker polypeptides create a gradient in the energy 
levels that insures efficient energy transfer to RCs in 
the membranes. 

Similar phenomena are observed in APC trimers 
(Glazer, 1985; Fuglistaller et al., 1987). The APC 
core contains four different kinds of trimers: 

c /3 ^'-")*Lcm and 

Binding of (L^ ^) induces a small 
red shift of the absorption maximum from 650 to 652 
nm and a shift of the emission maximum from 660 to 
663 nm (Fuglistaller et al., 1987). Changes in the 
three-dimensional structure by binding of a linker 
polypeptide were reported (Reuter et al., 1999). The 

^ linker polypeptide is not bound to all three afB 
monomers in the trimer; it binds predominantly to 
two of the ^-subunits and it interacts directly with 
the chromophores of these subunits (Reuter et al., 
1 999). The binding of ^ breaks the C 3 symmetry of 
the trimer, and the trimer is flattened along the C 3 
symmetry axis (Reuter et al., 1999). These 
observations indicate that three-dimensional structure 
of APC is modified through binding of a linker 
polypeptide. Changes in absorption properties may 
arise partly from changes in configuration of 
chromophores due to binding of the linker poly- 
peptides, in addition to the direct interaction of a 
linker polypeptide with two /3 chromophores. 

Although some uncertainties remain in the 
structures ofphycobilisomes, the structural informa- 
tion obtained by X-ray crystallography has revealed 
how phycobilisomes are organized to facilitate a 
high efficiency of energy transfer. 

V. Electronic States of Chromophores in 
Phycobiliproteins 

A. Relationship between Chromophore 
Configurations and Electronic States 

The absorption and emission properties of phyco- 
biliproteins are determined by the electronic states 
of the chromophores. Five main factors affect the 



energies of these states: ( 1 ) the chemical species of 
chromophore, ( 2 ) the configuration of the bound 
chromophore, (3) electrostatic fields from the protein, 
(4) pigment-protein interactions that alter the 
protonation state of the chromophore, and ( 5 ) 
interactions between chromophores. We will discuss 
each of these factors in turn. 

/. Chromophore Species 

Each of the four kinds of chromophores found in 
phycobilisomes (PUB, PEB, PVB and PCB) has two 
keto groups, seven C-C double bonds and one C-N 
double bond (Glazer, 1985). The energy levels depend 
primarily on the number of conjugated double bonds, 
and to a lesser extent on the side chains of the 
tetrapyrroles. As the number of conjugated double 
bonds increases, the absorption maximum shifts to 
the red. The actual numbers of conjugated double 
bonds are five in PUB, six in PEB, eight in PVB, and 
nine in PCB. 

2. Configuration of the Bound Chromophore 

In phycobiliproteins, even the same kind of 
chromophore can have different configurations. For 
example, although the a-84 chromophores are PCBs 
in both PC and APC, their bound configurations 
differ. Figure 9 shows these configurations. Molecular 
orbital calculations indicate that the chromophore 
with a more planar configuration, such as the APC 
chromophore in Fig. 9, should absorb at a longer 
wavelength. However, this effect is not necessarily 
seen because the interactions between the chromo- 
phore and its surroundings also can differ in the two 
proteins as described below. 

3. Electrostatic Fields from the Surrounding 
Protein 

The chromophores in all the phycobiliproteins are 
buried in the protein and thus can be affected by 
electrostatic fields from the surrounding amino acid 
residues. The shift of the absorption maximum in 
APC 30 nm to the red relative to the maximum in PC 
probably results partly from such interactions between 
the chromophore and the surrounding protein. 
Differences in interactions with the protein could 
also account for the fact that and the anchor 
polypeptide absorb and emit still lower energies even 
though they contain the same chromophore (PCB) as 




Chapter 9 Cyanophyta and Rhodophyta 



299 




Fig. 9. (a) The a-84 chromophore configurations in APC (black) and C-PC (gray) when the pyrrole rings B of the two are superposed. 
The coordinates are from 1 ALL.PDB (Brejc et al, 1995) and ICPC.PDB (Durring et al, 1991). A, B, C, or D represents the name of the 
pyrrole ring, (b) The structures viewed from another direction to emphasize the twist angle between the C and D rings in C-PC. 



C-PC and APC. and the anchor polypeptide 
have absorption maxima around 658 and 67 1 nm and 
a fluorescence maximum around 680 nm.) However, 
the three dimensional structures of and the 
anchor polypeptide are not yet known. 

4. The Protonation State of the Chromophore 

The structures shown in Fig. 4 are the neutral 
chromophores, in which the nitrogen of one of the 
four pyrrole rings (ring C), is not protonated. The 
chromophores in many phycobiliproteins probably 
are protonated on this nitrogen. Irrespective of 
whether they have one or two covalent links to the 
protein, the PCB, PVB, PEB and PUB chromophores 
in phycobilisomes are situated close to a conserved 
aspartate residue. In the crystal structures of C-PC 
(Durring et al., 1991, ICPC.PDB), one of the 
carboxylate oxygens of the Asp side chain is 2.82 A 
from the nitrogen of pyrrole B of chromophore a-84, 
and 2.66 A from the nitrogen of pyrrole C (Fig. 10b). 
Assuming that the carboxylate group is ionized, both 
the nitrogens most likely will be protonated and the 
chromophore will have an overall charge of +1 . This 
protonation is expected to modify the electronic 
state of the chromophore considerably. Kikuchi et al. 
(1997) showed that the experimentally observed 
spectroscopic properties of PC can be reproduced 
well if the nitrogens of pyrolles B and C are both 
protonated, but that if the nitrogen of pyrrole C is 
unprotonated, the calculated oscillator strength for 
excitation to the lowest excited singlet state becomes 
very small and the absorption maximum moves to a 
shorter wavelength. The aspartic acid residue 



therefore has a strong influence on the electronic 
states through the protonation of the chromophore, 
and this presumably is why it is conserved in almost 
all phycobiliproteins. In the a-subunits of PC, the a- 
84 chromophore interacts with Asp 87; in the (3- 
subunit, the /3-84 chromophore interacts with Asp 87 
and the [3-155 chromophore interacts similarly with 
Asp 39. 

5. Interactions Between Chromophores 

With the exception of the cryptophycean PE545, 
where two chromophores bound to the [3 subunit of 
the {ajp, a^^) heterodimer are located in van der 
Waals contact (Wilk et al., 1999), the distances be- 
tween chromophores in phycobiliproteins are too 
large for pigment-pigment interactions to be very 
significant. The special features of the circular 
dichroism (CD) spectrum of PE545 can be explained 
by this interaction. In this case, the spectroscopic 
properties can no longer be assigned to individual 
chromophores, but instead represent cooperative 
properties of the complex. Of course, the absorption 
properties of the complex still depend on the four 
factors discussed above. 

6. Dynamic Fluctuations of Phycobiliprotein 
Structures 

A normal-mode analysis was carried out to investigate 
the dynamic structures of phycobiliproteins and 
explore the effects of vibrations on the spectroscopic 
properties (Kikuchi et. al., 2000). The dynamic 
structures of the phycobiliprotein subunits were 




300 



Mamoru Mimuro and Hiroto Kikuchi 



(a) C-PC a-subunit 




(b) a-84 cliromophore in C-PC 




Fig. 10. Fluctuation of the positions of Ca atoms of individual amino acid residues in C-PC (a) and structure of the protein near the PCB 
chromophore in the C-PC a-subunit (b). (a) The root-mean square fluctuations were obtained by normal-mode analysis of the C-PC a- 
subunit (Kikuchi et ah, 2000). As crystal structure data of C-PC, ICPC.PDB (Diiiring et ah, 1991) is used, (b) The PCB chromophore 
is bound to cysteine 84, and is oriented to place the nitrogen atoms of pyrrole rings B and C approximately equidistant from one of the 
carboxylate oxygens of aspartic acid 87. This structure is found in many phycobiliproteins. 



expressed in terms of correlated movements of 
segments consisting of consecutive amino acids. The 
a- and j8-subunits of PC were classified into eight 
segments whose movements were either positively 
correlated, negatively correlated, or uncorrelated. 

Normal-mode analysis allows one to estimate the 
fluctuations of Ca atoms of individual amino acids. 
In the PC a-subunit, Asp 87 was found to have the 
smallest fluctuations, in line with the proposal that 
the positioning of its carboxyl group is critical in 
order to induce protonation of the a- 84 chromophore 
(Fig. 10). The a-84 chromophore is located in a 
pocket where movements of the pigment are restricted 
by interactions with the protein and vice versa. In the 
/3-subunit of PC, aspartic acids 87 and 39 both had 
small fluctuations. 

Kikuchi et al. (2000) also examined the module 
structures of PC. The concept of module structures 
was introduced by Go (Go, 1981, 1983). Kikuchi et 



al. found that the X-Y helices domain was very 
similar to a module in pyruvate phosphate dikinase, 
a multiphosphotransfer enzyme that synthesizes 
phosphoenolpyruvate (Herzberg et al., 1996). The 
three-dimensional structure of the X-Y helices 
domain is highly unusual; a similar domain structure 
has not yet been found in any other proteins except 
for pyruvate phosphate dikinase. The PC subunit 
presumably acquired the X-Y helices domain by 
adding a DNA base sequence encoding the X-Y 
helices to the 5 ' end of the gene for the globin-like 
domain. Such an event might have enabled 
phycobilisomes to assemble, because the X-Y helices 
domain seems to be critical for formation of the a/3 
unit. In line with this picture, PE545 from the 
cryptophyte Rhodomonas CS24, which lacks the X- 
Y helices domain, does not form higher aggregates. 
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VI. Energy Transfer 

A. Theory of Energy Transfer 

The time-resolved fluorescence spectra shown in 
Fig. 7A indicate that the overall flow of energy from 
phycobilisomes to Chi a in the thylakoid membranes 
is a very fast process. However, the rapid shift of the 
emission to longer wavelengths does not necessarily 
reflect the elementary steps of energy transfer. Studies 
from both experimental and theoretical perspectives 
are necessary in order to elucidate the rates of these 
individual steps. 

Energy transfer in phycobiliproteins competes with 
other relaxation processes of excited states, including 
internal conversion, intersystem crossing, fluores- 
cence and photochemical reactions. Since phyco- 
biliproteins have a large extinction coefficient (e ~ 
10 ^ M~^cm“^), the natural radiative lifetime is relatively 
short (t~ 10~^ s). Therefore, high transfer efficiency 
demands a very short transfer time. As discussed in 
Chapter 3 (Parson and Nagarajan), there are two 
main mechanisms of energy transfer, the electron 
exchange interaction (Dexter, 1953) and the Coulomb 
interaction mechanism (Forster, 1 948). The exchange 
mechanism requires an overlap of waveflinctions 
between the donor (D) and acceptor (A), and thus 
usually occurs only between molecules that are in 
van der Waals contact. The Coulomb mechanism 
does not require orbital overlap. 

As shown by the crystal structures, the center-to- 
center distances between the chromophores in most 
phycobiliproteins are at least 20 A, even after trimer 
units are incorporated into a phycobilisome. It is, 
therefore, reasonable to assume that the chromophores 
interact only weakly. (An exception is cryptophycean 
PE545, where two /3 chromophores are almost in van 
der Waals contact (Wilk et. al., 1999.) In the case of 
weak interactions, the Forster mechanism gives the 
rate constant for energy transfer (k^j) as: 



90QQ(7^10;k-V 
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Here k is the orientation factor (k = cos 0-3 cos 
f3^*cos ( 32 ); 6 is the angle between the transition 
dipoles ( and ) of the donor (D) and acceptor 
(A); is the angle between and the vector 
connecting D and A (^^^ ); Z ?2 is the angle between 
and ; c is the speed of light; n is the refractive 

index of the medium; is the distance between D 



and A; Fjpi) is the fluorescence of D at frequency v\ 
€^{v) is the molar absorption coefficient of A; and 
is the emission lifetime of D in the absence of A. 
According to this equation, the rate constant is 
determined mainly by the spectral overlap integral 
and the intermolecular distance. The rate constant 
decreases with the sixth power of Rj^^. In the case of 
PC, both Rj^^ and the orientation factor k are known 
from the X-ray structure, and energy levels of 
individual chromophores are known by spectral 
analyses (see below). The transfer rate thus can be 
calculated numerically and compared with experi- 
mental data. This is an exceptional case in pigment- 
protein complexes, because in many other cases 
either the structure or the energy levels of the 
individual chromophores, or both, are unknown. 

6. Experimental Analyses in C-PC 

The crystal structure of C-PC is known in several 
species (Section IVC). There are three types of 
chromophores, a-84, ^-84 and /3- 155. An analysis of 
the energy levels of the chromophores in the trimer 
puts chromophore jS- 1 55 at the highest level, with an 
absorption maximum between 598 and 601 nm, 
chromophore a-84 at an intermediate level (618- 
622 nm), and chromophore /3-84 lowest (632- 
634 nm) (Mimuro et al., 1986a). The a-84 chromo- 
phore in one monomer is located at the interface 
between two monomers, closest to the (3-S4 
chromophore in an adjacent monomer (R^^ ~ 2 1 A). 
The j8-155 chromophore is located at the outside of 
the trimer, at distances of about 45 A from a-84 and 
/3-84. Based on the energy levels, distances and 
relative orientations, the direction of energy flow is 
easily predicted to be from the /3-155 to /3-84 and 
from a-84 to /3-84. A most interesting process is 
from the a-84 chromophore to /3-84, because of their 
relatively close location. Using the Forster equation, 
Sauer and Scheer (1988) estimated the interaction 
energy between these chromophores to be 56 cm~^ 
and estimated ^^ 7 . for this step to be 1.53 X 10^^sec“^ 
giving an expected transfer time of 0.6 ps. They also 
calculated the rates of other transfer steps; however, 
these are more difficult to resolve experimentally 
because multiple decay processes overlap. 

Direct information on energy-transfer processes 
in phycobiliproteins has been obtained by spectros- 
copic measurements in the time region between 100 
fs and 10 ps. Measurements of transient absorption 
changes and time-resolved fluorescence spectra or 
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decay have provided complementary results, although 
absorbance measurements provide somewhat higher 
time resolution. Time-resolved spectroscopic 
measurements on C-PC trimers were carried out by 
several groups. Gillbro et al. (1993) measured pulse- 
induced changes of absorption and stimulated 
emission in C-PC trimers from M. laminosus, and 
found that the anisotropy of the signals decayed with 
a time constant of 500 fs. Hucke et al. (1993) also 
found a decay time of 500 fs in PEC trimers, and 
Sharkov et al. (1994) measured a similar time of 440 
fs in APC trimers. Since the center-to-center distances 
between the a-84 and /3-84 chromophores are almost 
the same in PC, PEC and APC, the anisotropy decay 
time can be regarded as the time constant for energy 
transfer between these chromophores. The observed 
time constant is close to the 0.6 ps predicted by the 
equation 1, suggesting that the Forster mechanism 
applies to phycobiliproteins (Gillbro et al, 1993). 
Measurements on C-PC with linker polypeptides 
also have been achieved (Pizarro and Sauer, 2001), 
and are important for understanding energy transfer 
in vivo. 

When two chromophores are close enough to each 
other to form exciton absorption and emission bands, 
the electronic states are mixed and should be viewed 
as belonging to the complex as a whole (Chapter 3, 
Parson and Nagarajan). As discussed above, this is 
likely to be the situation for the pair of ^-50/^-61 
chromophores in the cryptophycean PE545 dimer, 
which are essentially in van der Waals contact (Wilk 
et al., 1 999) and probably give rise to the exciton CD 
bands of the dimer (MacColl et al., 1998). The fastest 
decay time constant of 2.4 ps measured in the PE545 
dimer by two-photon fluorescence (MacColl et al., 
1 998) thus probably cannot be assigned to stochastic 
energy transfer between these chromophores. The 
fluorescence decay kinetics do appear to depend on 
pigment-pigment interactions, however, because 
monomerization affects them strongly in addition to 
changing the absorption and CD spectra. This 
suggests that the 2.4-ps step reflects a relaxation 
between two exciton states of the dimer. 



VII. Concluding Remarks 

Phycobiliproteins have efficiencies of energy transfer 
in the range of 80 to 90%. Though high by some 
measures, this is lower than the efficiency of other 
photosynthetic antenna systems, suggesting that the 



molecular organization of phycobiliproteins falls 
short of ideal. The main factors that affect the transfer 
efficiency include the chemical and physical 
properties of the chromophores, the configurations 
of the chromophores in their binding sites on the 
proteins, direct and indirect effects of the protein 
(local electric fields, perturbations of the ionization 
states of the chromophores, and suppression of 
chemical reactivities), the orientations of the transition 
dipoles, and the distances between chromophores. 
Although it might seem that little would be left for 
study on this point, this is far from true. Crystal- 
lographic studies are providing an abundance of 
structural information on new and modified 
phycobiliproteins, and normal-mode analysis has 
opened a new approach to examining how fluctuations 
of the protein structure affect the spectroscopic 
properties and function of the antenna. These studies 
should shed new light on the interactions of the 
chromophores with each other and with the proteins. 
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Summary 

Red algae have two types of light-harvesting antennas: the phycobilisome which is directly connected to the 
reaction centers of Photosystem II, and a LHC I complex connected to the reaction centers of PS I. The structure 
of red algal phycobilisomes is much like those of cyanobacteria, with a central allophycocyanin core 
surrounded by phycocyanin and with phycoerythrin on the periphery. In many reds the phycobilisome size is 
larger due mainly to a greater phycoerythrin content. The presence of LHC I may be regarded as a considerable 
advance in extending the light absorbing capacity in photosynthetic eukaryotes; an exception exists in the 
glaucocystophytes where LHC complexes have not yet been found. Chlorophyll a is the only type of chlorophyll 
present, while the presence of chlorophyll d is still in doubt. Zeaxanthin, and sometimes lutein, is the 
predominant carotenoid. Though zeaxanthin does not appear to function as an antenna pigment, in vitro 
reconstitution studies show its necessity for LHC stability and chlorophyll insertion. Phylogenetic relatedness 
of rhodophyte LHCs with those of higher plants, chromophytes, and dinophytes is evident in the high 
conservation of critical residues in three intrinsic membrane regions and in the successful reconstitution of red 
algal LHC polypeptides with pigments of other groups. Convincing evidence for excitation energy transfer 
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between PS I and PS II is lacking. Photoacclimation to high light intensity is manifested by a per cell reduction 
of thylakoid area and chlorophyll, a decrease in the phycoerythrin content per phycobilisome, and a decline in 
LHC I polypeptides. In cells acclimated to light absorbed primarily by chlorophyll (red) the RC 1 content 
decreases and the RC 2 increases, in contrast to the opposite response with phycobilisome-absorbing green 
light. Complementary chromatic adaptation to red or green light, i.e. changes in phycobilisome pigments as in 
certain cyanobacteria, does not occur in reds. 



I. Introduction 

Red algae are morphologically and developmentally 
diverse eukaryotic algae ranging in complexity from 
single cells to multicellular macrophytic forms. The 
presence of phycoerythrin in most of the species, and 
the absence of flagellated stages are two identifying 
features of this group of organisms. Morphologically, 
the chloroplasts of red algae appear highly similar to 
cells of cyanobacteria. The red algae are either red or 
blue-green in color depending on whether the orange- 
red phycoerythrin (PE) or the blue phycocyanin (PC) 
are the predominant pigments. Phycobiliproteins are 
water soluble pigments in which phycobilin 
chromophores are covalently linked to apoproteins. 
The phycobiliproteins are assembled in highly 
organized supramolecular complexes, phycobili- 
somes (PBS), wherein the chromophores are oriented 
for maximal absorption and transfer of energy from 
higher to lower energy states (Glazer, 1989; Chapter 
9, Mimuro and Kikuchi). Phycobilisomes cover the 
stromal surface of thylakoids, which do not exhibit 
grana-like stacked regions. These characteristics, 
together with the simple photosynthetic pigment 
composition in red algae and cyanobacteria, were 
convincing factors in developing the argument that 
cyanobacteria are the progenitors of red algal chloro- 
plasts. 

Also considered in this chapter are the glaucocys- 
tophytes (Cyanophora, Glaucocystis) whose chloro- 
plasts may be close to the cyanobacterial endosym- 
biont ancestor. Glaucosystophytes are often classified 



Abbreviations: APC - allophycocyanin; Car -- carotenoid(s); 
Chi -chlorophyll(s); linker polypeptide for phycobilisome 
core-thylakoid association; LHC - light-harvesting complex; 
LhcaRl, LhcaR2 - genes encoding LHC I polypeptides of red 
algae; LHC I - light-harvesting complex of PS I; PBS - phyco- 
bilisome(s); P^qq - absorbance change used to assay PS I activity; 
PC - phycocyanin {Cyanophycean: C-PC, Rhodophycean: R- 
PC); PE - phycoerythrin {Bangiophycean: large (B-PE) or small 
(b-PE) mol. wt., Rhodophycean: large (R-PE) or small (r-PE) 
mol. wt.); PS I - Photosystem I; PS II - Photosystem II; - 
primary acceptor of PS II; RC 1 - reaction center of PS I; RC 2 - 
reaction center of PS II; Zea - zeaxanthin 



with the red algae (Cavalier- Smith, 1993) largely 
because their cyanelles have the appearance and 
pigmentation of cyanobacteria (Ldffelhardt et al., 
1997), but unlike chloroplasts they appear to have 
retained the ancestral cyanobacterial cell wall layers. 

This short chapter is not intended to be historically 
comprehensive but will concentrate on red algal 
antenna features exclusively. In comparison, many 
reviews tend to combine phycobiliproteins and PBS 
and include cyanobacterial features (Glazer, 1985; 
Gantt, 1986; Grossman et al., 1995), and tend to 
emphasize aspects of wavelength regulated phycobili- 
protein synthesis. Reviews specifically on photo- 
acclimation of rhodophytes, and the photosynthetic 
membrane structure are generally sparse (Gantt, 1 980, 
1990; Talarico and Maranza, 2000). Here we hope to 
highlight important questions on the organization of 
thylakoid membrane structure in red algae and the 
co-ordinated biosynthesis and interaction of the major 
antenna components in these organisms. We also 
emphasize recent results on LHC I polypeptide 
characteristics that demonstrate a close functional 
relatedness among eukaryotic LHCs that was not 
imagined until a few years ago. 

II. Structure and Composition of the 
Antenna Systems 

A. Photosystems I and II are Discrete and 
Each has an Antenna Complex 

Photosystems with their respective antennas can be 
isolated as discrete functioning units, as has been 
demonstrated in Porphyridium cruentum (Gantt, 
1990, 1996). This simple unicellular red alga is 
currently the model system for the reds and it has 
been analyzed in greatest detail. Antenna complexes 
of relatively few other red algal species have been 
studied These include Rhodella violacea, Galdieria 
sulphuraria (syn. Cyanidium caldarium), and to a 
lesser extent, Porphyra umbilicalis and Aglaoth- 
amnion neglectum. 
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The localization of the photosystems and their or any other red alga, for the presence of LHC II 
light harvesting complexes within the photosynthetic polypeptides as attested to by their absence on SDS- 
membrane is summarized in Fig. 1 as represented for PAGE gels and the lack of immunoreactivity with 

R cruentum cells grown under optimal conditions antibodies to higher plant LHC IIs (Tan et al, 1995; 

(Cunningham et ah, 1 989). A Photosystem I (PS I) Wolfe et al., 1 994b). There is also no evidence for the 

holocomplex isolated from R cruentum has about presence of peripheral core antennas equivalent to 

150 Chi a molecules per P^qq, of which about 100 CP24,CP26, and CP29 of higher plants (Bassietal., 

molecules are in the reaction center core complex 1999; Sandona et al., 1998). It is thus reasonable to 

(RC 1) when it is separated from the light-harvesting conclude that about 45 Chi a/Q^ molecules, as found 

complex (LHC I) polypeptides (Wolfe et al., 1994b). by us for R cruentum, are typical of red algal RC 2. 

Phycobilisomes, with about 2,300 chromophores/ Analysis of Galdieria sulphuraria suggests that this 

PBS for R cruentum are among the largest is also the case for this species (Marquardt and Riehl, 

photosynthetic antenna complexes and are the major 1997; Marquardt, 1998; Marquardt et al., 2001). 

light gathering system of PS II (Gantt, 1996). 

PS II preparations from Cyanidium caldarium, B. Phycobilisomes and Phycobiliproteins 
which were highly active (2375 pmol 02 /mg Chi h"^), 

lacked LHC II polypeptides yet contained the PS II 1. Phycobilisome Structure 
core components and the polypeptides of the O 2 - 

evolving complex similar to cyanobacteria (Enami Cyanobacterial phycobilisome structure, as compre- 

etal., 1995). These results indicate that the red algal hensively reviewed by Sidler (1994; Chapter 9, 

PS II system is more closely related to those of Mimuro and Kikuchi), has been more extensively 

cyanobacteria than those of higher plants. Indepen- characterized than that of red algae. However, the 

dent confirmation exists from preparations of PS II overall structure appears virtually the same except 

isolated from R cruentum thylakoids demonstrating for species-specific variations in size and shape. In 

the core antenna polypeptides CP43, CP47 plus D1 both groups they serve as energy guides (Glazer, 

and D2. At present there is no evidence in this alga, 1 989). Rhodophyte PBS tend to be larger than those 



Stroma 




Lumen 



PS 1: 


RC 1 


100 Chi 




LHC I 


50 Chi 


PS II: 


RC2 


45 Chi 




PBS 


2,300 phycobilins 



Fig. 1. Photosynthetic apparatus representative of a red alga {Porphyridium cruentum). Phycobilisomes (represented as viewed in cross 
section with part of the outer shell removed) showing the phycoerythrin layer (gray) on the periphery, followed by a phycocyanin layer 
(black), and allophycocyanin (light gray) in the core, and the L^j^-thylakoid linker (hatched) which connects the phycobilisome to the 
RC 2 (dimer) centers to which excitation energy is transferred. The RC 1 has a multipeptide LHC I complex (green). PS I contains most 
of the Chi a, while PS II has the larger antenna with several thousand chromophores. 
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in most cyanobacteria and glaucocystophytes. 
Phycobilisomes of G. pacifica are among the largest 
in size (63 nm long, 38 nm wide, 38 nm high) and 
exceed those of R cruentum (50 nm long, 33 nm 
wide, 30 nm high). The morphology of PE-rich PBS, 
as in G. pacifica and R cruentum, tends to be 
hemispherical, with PE rods on the periphery attached 
to the central core composed of PC and APC (Gantt, 
1980). However, although rich in PE, the PBS of R. 
violacea are hemidiscoidal (Bernard et al., 1996; 
Ritz et al., 1998), as is also the case in the PC-rich 
C. paradoxa and in G. sulphuraria (Marquardt, 1 998). 
Sometimes both hemisdicoidal and hemispherical 
PBS are found in the same alga, as exemplified in 
field-collected Rorphyra umbilicalis (Algarra et al., 
1990). It is possible that a shape change may be one 
manifestation of less peripheral PE in the rods. 
However, in R cruentum cells grown under high 
light, the PBS size decreased with an attendant 25% 
reduction of B-PE (Cunningham et al., 1989) as 
compared to those in cells grown in low light, but 
there was no notable change in PBS shape. 

2. Phycobiliprotein Characteristics 

Phycobiliproteins are water soluble antenna pigments 
that are readily released upon cell breakage to produce 
vibrant blue- or orange to red-colored solutions. 
Chemically, the chromophores are linear tetrapyrroles 
that are covalently bound to the apoprotein by 
thioether linkages to one or two rings (rings A/D) 
(MacColl and Guard-Friar, 1987; Chapter 2, Scheer). 
Amino acid sequences of the apoproteins show that 
the chromophores are always attached to cysteine 
residues and that the sequences surrounding the 
chromophores tend to be very highly conserved (Apt 
et al., 1995). Most of the phycobiliproteins are 
composed of a and P protein subunits. They tend to 
be more stable as aggregates of 3a + 3j3 (trimer), or 
as 6a + 6P (hexamer). The most stable are the large 
aggregates of phycoerythrins (designated as B-PE or 
R-PE) which have a combination of a, /3, and 
7 subunits and total molecular masses of about 
260,000 kDa. Spectrally, the red algal phycobili- 
proteins are similar to those in cyanobacteria (Chapter 
9, Mimuro and Kikuchi), and an extensive analysis 
of their amino acid sequences has confirmed that 
they form two distinct evolutionary lines that originate 
from a common ancestor (Apt et al., 1995). 

The absorption and fluorescence characteristics of 
the major types of phycobiliproteins common in 



rhodophytes are summarized in Table 1, and typical 
spectra are seen in Fig. 2. The principal chromophore 
types are phycocyanobilin and phycoerythrobilin. 
The former is mainly present in PC, APC, and 
(PBS-thylakoid linker), while the latter is common 
to all PEs. Phycourobilin is a third type of 
chromophore that is found in many rhodophyte PE 
(Chapter 2, Scheer). 

The phycobiliproteins most abundant in PBS are 
B-PE, b-PE (bangiophycean, e.g. Rorphyridium 
cruentum), and R-PE (rhodophycean, e.g. Griffithsia 
monilis). In addition to the more common a- and jS- 
subunits, the B- and R-PEs have 7 - subunits. 
Interestingly, the 7 -subunits appear to also serve as 
stabilizing linkers, because in the less stable b-PE 
and r-PE (45-120 kDa) the 7 - subunits are absent. 
Phycoerythrobilin chromophores, covalently linke4 
are generally present on all a and most P subunits of 
b-PE, B-PE and R-PE. Phycourobilin chromophores 
are present in R-PE, B-PE and r-PE and are the 
predominantly found on 7 - and ^-subunits (Ritter et 
al., 1999; Ficner and Huber, 1993). Some interesting 
novel high molecular weight PE are being found as 
more red algal pigments are being examined. A 
fresh-water Audouinella species was found to have 
phycocyanobilin in addition to the phycoer 3 dhrobilin 
and phycourobilin (Glazer et al. 1997). Yet another 
phycobilin containing PE, in Rhodella reticulata, 
totally lacked a-subunits (Thomas and Passaquet, 
1999). 

Rhodophyte PEs absorb maximally in the 500- 
565 nm range (Fig. 2), with the 500 nm absorbance 
attributable to phycourobilin. The peripheral location 
of PE as an outer shell of the PBS and the fluorescence 
emission of these phycobiliproteins at 575-580 nm 
are energetically consistent with the functional 
transfer to PC. 

Deep blue-colored PC absorb maximally around 
620-630 nm (Fig. 2) and fluoresce at about 640-650 
nm (Table 1). R-PC is purplish in color and is a 
spectral variant that contains phycoerythrobilin 
chromophores as well as phycocyanobilin chromo- 
phores, but nevertheless has the typical fluorescence 
emission of PCs. The aqua-colored APC, absorbing 
at the longest wavelength (650 nm), are located at the 
centers of PBS (Fig. 1). When present as trimers, as 
in the PBS core, the fluorescence emission occurs at 
660 nm vs. the 650 nm emission for the monomer 
stage (Zhang et al., 1998). APC-B and are the 
longest wavelength components in PBS. The the 

linker between the PBS core and the thylakoid 
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Table 1. Pigments, pigment binding polypeptides, and phycobilisome linker polypeptides in rhodophytes 







Absorption Maxima 
(nm) 


Fluorescence 

(nm) 


Thylakoid pigments: 
Chlorophylls: 

Carotenoids: 
LHC I polypeptides: 


C\i\a 

jS-carotene 

zeaxanthin 

lutein 

19.5a, 19.5b kDa 
21.0 
22.0 

22.5 
23.0 

23.5 


438,670 (432, 618, 665f 

(454, 480)'° 

485 (422, 450, 481)° 

485 (425,448, 476)'° 


678 


Phycobilisome pigments: 


phycoerythrin: 


b-PE 


545, 563 


575 




B-PE 


498, 545, 563 


575 




R-PE 


498, 542, 565 


578 


phycocyanin: 


C-PC 


620 


655 




R-PC 


553,615 


640 


allophycocyanin: 


APC 


650 


660 




APC-B 


618, 673 


680 


*Lcm 




650 


680 


Phycobilisome linkers: 


colored 


PBS core-thylakoid, 93 kDa, phycocyanobilin chromophore 
Ly ' PE-PE, 33 kDa, urobilin chromophore 
Ly2pE-PE, 32kDa, " 

Ly3pE-PE, 30kDa, " 


uncolored 


core-rod PC, 27 kDa 
Lc APC-B, 13 kDa 





Spectral maxima are for pigment-proteins in aqueous buffer at room temperature. Parenthesis and italics are 
extracted pigments in ^methanol or ^acetone. Source material mainly from Porphyridium cruentum or 
Rhodella violacea. is identified both as the terminal PBS pigment and as a PBS-thylakoid linker. 




Wavelength (nm) 

Fig. 2. Absorption spectra of antenna pigment-proteins in an aqueous medium. Allophycocyanin ( ), phycocyanin ( )and 

phycoerythrin ( ) are from phycobilisomes, and Chi a is in the LHC I complex (heavy line). The shoulder at about 490 nm is due to 

the carotenoid zeaxanthin which is not an antenna pigment. 
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membrane, has an emission maximum at about 680 
nm in solution at room temperature, and a maximum 
of about 685 nm at -1 96 °C. With a molecular weight 
of about 92-95 kDa (E cruentum), the is the 
largest single type of polypeptide in the PBS, with 
only one to a few molecules per PBS. The function of 
APC-B in the PBS is not fully understood because in 
cyanobacterial mutants it was found not to be required 
for PBS assembly and energy transfer (Bryant, 1991). 
The positional phycobiliprotein order, from the 
periphery to the core of the R cruentum PBS as 
depicted in Fig. 1, represents the arrangement of 
pigments absorbing from higher to lower energy 
states. The structural integrity of PBS, free of RC 2, 
can be ascertained by the distinctive fluorescence 
emission at about 685 nm (-196 °C), when excited 
through any of the component phycobiliproteins. 
However, when functionally coupled to RC 2 the 
fluorescence peak is at 695 nm (-196 °C) showing 
that energy is transferred to Chi a. Thus, the major 
energy transfer path begins with the excitation of PE, 
energy transfer to PC, then APC, and last to the 
and then to RC 2 (Scheme 1). 

Whether energy transfer occurs from APC-B to 
L^j^, or directly to RC 2, is not known. 

3. Linker Polypeptides 

Linker polypeptides are required for the appropriate 
arrangement of phycobiliproteins and for functional 
PBS structure. The majority of the linkers are 
uncolored, but some contain chromophores. Those 
of known function from R. violacea and R cruentum 
are listed in Table 1 . Three red-colored linkers (L) are 
y-subunits of PEs, and one is the blue-colored 
core-membrane linker. One small uncolored linker is 
associated with APC-B, and another is required for 
attaching PC rods to the PBS core. However, the 
function of most linker polypeptides remains to be 
elucidated. In well resolved SDS-PAGE gels of 
R. violacea a rather prominent colorless polypeptide 
is noted at about 45 kDa and at least two other 
uncolored ones are found at 23 kDa and 16.5 kDa 



(Bernard et al., 1996). Moreover, seven potential 
linker polypeptides (at 52, 45, 40, 36, 34, 28, 27 kDa) 
are prominent in R cruentum PBS (Gantt, 1990). 

It is of interest to note that the a and apoproteins 
are generally chloroplast encoded, unlike most of the 
linkers which are nuclear encoded. This is evident 
from chloroplast genome sequences, and from 
translation inhibitor studies as inR. violacea (Bernard 
et al., 1996). Some of the colored y-subunits appear 
to have other functions in addition to stabilizing PE 
aggregates and absorbing light. For example, an R- 
PE y-subunit of A. neglectum has an N-terminal 
extension with a sequence uncharacteristic of 
phycobiliproteins but suggestive of a transit peptide 
that directed polypeptide import into pea chloroplasts 
(Apt et al., 1993). 

C. Chlorophylls and Carotenoids 

For the phycobiliproteins, which are soluble in an 
aqueous medium, the spectral characteristics are 
relatively easy to assess. This is not the case for the 
two other major pigment classes: the Chls and 
carotenoids. In their ‘native’ state (i.e. attached to 
proteins) they differ in their absorption peaks from 
those extracted by organic solvents, with the latter 
usually shifting toward shorter wavelengths (Jeffrey 
et al, 1997). This blue-shift is illustrated by the 
different absorption maxima of the native complexes 
and extracted pigments from R cruentum, which has 
a very simple pigment composition (Fig. 2, Table 1). 
In native pigment-protein complexes, Chi a has an 
absorption maximum at about 438 nm in the blue 
Soret wavelength region and another in the red region 
at about 670 nm, and a fluorescence emission at 
about 678 nm (excited at 438 nm). For Chi extracts in 
organic solvents the spectral maxima shift toward 
shorter wavelengths, i.e. 432 and 665 nm for Chi a. 

1. Chlorophylls 

Chlorophyll a is usually the only type of Chi present 
in red algae. Occurrence of Chi d (Chapter 2, Scheer) 



Phycoerythrin ► Phycocyanin ► Allophycocyanin ► Lcm linker ► RC 2 

i 

Allophycocyanin-B ► L^m or RC 2 



Scheme 1 
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was reported many years ago in red macrophytes by 
Manning and Strain (1943). Natural occurrence of 
this pigment was not given full credence until Chi d 
was unequivocally established in the oxygenic 
photosynthetic prokaryote Acaryochloris, where it 
accounts for most of the Chi content (Miyashita et 
al, 1996, 1997). However, verification of Chi d in 
field-collected rhodophytes is difficult since epiphytic 
micro-algae may contaminate the samples. Con- 
clusive evidence of Chi d in isolated red algal PS I or 
PS II complexes would more convincingly demon- 
strate the existence this Chi in rhodophytes. 

2. Carotenoids 

Since the carotenoid composition of relatively few 
red algae has been critically examined, very little is 
known about the variety and function of carotenoids 
in this group thus far. In R cruentum, jS-carotene but 
not a-carotene, has been routinely found in thylakoids 
in our laboratory, but this carotenoid is not an antenna 
pigment. We have also found small concentrations of 
cryptoxanthin, and antheraxanthin, but since they 
are present in only submolar amounts (Stransky and 
Hager, 1970; Cunningham et al., 1989) they are not 
important in this species, even if they serve as 
accessory pigments in other organisms. Zeaxanthin 
is the major carotenoid in R cruentum, and also in G. 
sulphuraria (Marquardt, 1998). However, it cannot 
be regarded as an antenna pigment because when 
excited it does not show energy transfer to Chi. 
Nevertheless, it serves a critical function as it is 
required for stable insertion of Chi in LHC I 
(Grabowski et al., 2000). Lutein occurs in some of 
the ‘higher’ reds such as in Batrachospermum where 
it was identified by Stransky and Hager (1970). 
Presumably lutein is present in the LHC I complexes 
of these organisms, and like zeaxanthin, contributes 
to structural stability but in addition also serves as an 
accessory pigment as in green algae and higher 
plants. Carotenoid depletion, arising from treatment 
with the carotenoid pathway inhibitor norflurazon, 
severely affected the photosystems in G. sulphuraria 
with major pigment reductions in the PS II core 
complex and the LHC I complex, as well as the 
energetic uncoupling of PBS (Marquardt, 1998). 

D. Light Harvesting Complex of PS I (LHC I) 

The gain of peripheral light-harvesting proteins for 
enhancement of light absorption and energy transfer 
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to the photosynthetic reaction centers was a major 
advancement in the evolution of chloroplasts. The 
acquisition of LHCs probably arose early in 
chloroplast evolution (Chapter 4, Green), and most 
eukaryotic photosynthetic organisms contain 
membrane-intrinsic light harvesting complexes 
(LHCs) associated with both Photosystems I and II. 
Cyanobacteria, the presumed ancestors of chloro- 
plasts (Delwiche et al, 1995; Moreira et al., 2000), 
made use of PBS as light harvesting antennas for 
PS II, but did not acquire membrane-intrinsic 
peripheral LHCs. The eukaryotic glaucocystophytes, 
(like Cyanophora) may be extant examples of 
organisms wherein a cyanobacterial symbiont is in 
transition to becoming a chloroplast. 

1. LHC I in Red Algae but not in 
Glaucocystophytes 

Rhodophyte LHCs, first discovered in R cruentum 
and associated only with RC 1 , have a simple pigment 
complement of Chi a, zeaxanthin, and j3-carotene 
(Wolfe et al. 1994a). The LHC I of i? cruentum 
consists of at least seven polypeptides, ranging in 
size from 19.5 to 23 kDa (Wolfe et al., 1994a, Tan et 
al., 1997b). At this time it is not known if every LHC 
polypeptide binds Chi and carotenoids and in what 
proportion. However, from the predicted amino acid 
sequences ofLhcaRl andLhcaRZ (Tanetal., 1997a, 
1997b) eight putative Chl-binding sites are evident 
as discussed below. 

Rhodophyte LHCs in the same molecular weight 
range as those of R cruentum have been isolated 
from G. sulphuraria, and have also been found to be 
associated only with PSI (Marquardt and Rhiel, 1 997). 
LHCI polypeptides of the expected molecular weight 
have been identified immunologically in seven other 
red algae: Achrochaetium, Bangia, Callithamnion 
(Aglaothamnion), Cyanidium, Rolysiphonia, and 
Spermothamnion, indicating a wide distribution of 
LHC I in the rhodophytes (Wolfe et al., 1994a; Tan et 
al., 1997a). In the Cyanidium species used in our 
laboratory we also found a strong immunoreactive 
band with anti-LHC I at about 33 kDa, a band not 
present in the Galdieria species (formerly known as 
Cyanidium) used by Marquardt and Rhiel (1997). 

Glaucocystophytes have chloroplasts that have a 
structurally similar thylakoid arrangement to that of 
rhodophytes, with PBS on the stromal side of the 
membranes. Although they are related to rhodophytes 
they appear to lack LHC polypeptides, and thus their 
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chloroplasts are more akin to cyanobacteria. In 
analyzing the PS I components in thylakoids and 
isolated complexes from the glaucocystophyte 
Cyanophora paradoxa, Koike et al. (2001) were 
unable to detect LHC I polypeptides that were 
recognized by antibodies to LHC I polypeptides of 
Porphyridium or Chlamydomonas. Also, from their 
determination of the PS I/PS II stoichiometry and 
Chi analysis they found that the total Chi content is 
accounted for by the RC 1 and RC 2, with little 
remaining that could be in LHC I. Koike et al (2001) 
reasonably suggest that LHC-related genes in 
eukaryotes were acquired later and are thus not 
present in the glaucocystophytes 

2. Characteristics Common to Red Algal LHC 
Polypeptides 

Like the Chi a/Z?-binding LHCs of green plants, the 
red algal LHCI polypeptides are encoded in the 
nucleus (Tan et al., 1997a; Marquardt et al., 2000, 
2001). The polypeptides encoded by two of the red 
algal LHC genes, LhcaRl and LhcaRl (‘Lhca’ 
indicates PSI affinity and 'R1 ' and R2 ' the first and 
second rhodophyte gene), of the R cruentum 
multiprotein complex (Tan et al., 1 997a,b) correspond 



in sequence and structure to the basic LHC model of 
Kiihlbrandt et al. (1994), with three predicted 
transmembrane helices (Fig. 3). The rhodophyte 
LHCs do not appear to have the small fourth helix 
near the lumen characteristic of the higher plant 
LHC II (Tan et al., 1997a, b). 

The R cruentum Chi a-binding LHCs were found 
to be immunologically related to higher-plant Chl-a/Z? 
proteins as well as to fucoxanthin-Chl-a/c antenna 
complexes (Wolfe et al., 1994a), and these 
relationships are also reflected in the sequence and 
conserved regions (Tan et al., 1997a,b). The 
R cruentum LHC I polypeptides, LhcaRl and 
LhcaR2, are particularly well conserved, relative to 
plant LHCs, in the two central transmembrane helices, 
in the N-terminal flanking sequences between the 
helices on the stromal side that contain two putative 
carotenoid-binding sites, and in the eight putative 
Chi a-binding sites. Helices 1 and 3 of the R cruentum 
LHCs each have three Chi a-binding sites and helix 2 
has two Chl-binding sites also conserved in higher 
plant LHCs. The stabilizing residues thought to form 
ionic bonds between helices 1 and 3 (E56, R155 and 
R6 1 , E 1 50) are also identical to the consensus residues 
of green plant LHCs (Tan et al. 1997a,b). An 
interesting feature of the second helix is that the 




Fig. 3. Model for LhcaRl of Porphyridium cruentum with three transmembrane helices. Those residues in white text on a dark 
background are believed to function as Chl-binding ligands or in stabilization of helices 1 and 3. Black lines above residues on the stromal 
side mark amino acids that may be involved in pigment stabilization, and gray areas represent the membrane lipid bilayer. The model is 
a modification of that proposed by Tan et al., 1997b and Grabowski et al. (2001). 
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putative Chl-binding sites are separated by 8 a. a. 
residues, a feature shared by the chromophytes, but 
not by chlorophyte LHCs which have a spacing of 7 
a.a. residues as can be seen in sequence comparisons 
(Green and Kiihlbrandt 1995, Passaquet and Lichtle 
1996, Tan et al. 1997a, Durnford et al 1999). This 
spacing could be merely a coincidence, or it may 
prove to be a significant structural feature. 

A comparison of the amino acid sequences deduced 
from seven red algal LHC I cDNAs that have been 
sequenced, LhcaRl and LhcaRl from R cruentum 
and five from G. sulphuraria (Marquardt et al., 2000, 
200 1 ), shows that they are highly similar in molecular 
weight and have up to 81% similarity in the three 
predicted transmembrane helix regions. G. sulphur- 
aria, therefore, also has a multipeptide LHC I family, 
similar to R cruentum where 7 polypeptides have 
been identified so far (Tan et al., 1997b). All the G. 
sulphuraria genes appear to have introns (Marquardt 
et al, 2001). 



III. Phylogenetic Implications of LHC 
Structure and Function 

In higher plants, possession of Chi a and b in 
association with LHCs and the carotenoid pigments 
of the xanthophyll cycle is regarded as an advantage 
for success on land. The increased absorbance in the 
range 450-550 nm provided by Chi c and fucoxanthin 
in chromophytes, and by peridinin in dinophytes can 
be advantageous in the varied light quality in marine 
environments. Although LHC proteins are highly 
conserved across many taxa (Green and Durnford, 
1996; Chapter 4, Green), they bind very different 
pigments in different taxonomic groups, e.g. Chls a 
and b and lutein in chlorophytes, Chls a and c and 
fucoxanthin in chromophytes; Chls a and c and 
peridinin in dinophytes; and Chi a and zeaxanthin in 
most rhodophytes. How did this diversity in pigment 
binding evolve? Were the pigment binding sites 
inherent in the ancestral protein, binding whatever 
pigments were available, or alternatively, did binding 
sites for specific pigments arise within the various 
taxa. Recent evidence suggests that the former, termed 
‘molecular opportunism’ by Green (2001) may 
describe the evolution of pigment binding in the 
LHCs (Grabowski et al. 2001). 

In vitro reconstitution experiments showing that 
certain Chl-binding sites in higher plant LHCs are 
able to bind either Chi a or Chi b interchangeably and 
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that functional LHCs can be assembled with a variety 
of higher plant carotenoid types and ratios (Bassi et 
al., 1999; Rogl and Kiihlbrandt, 1999) indicate that a 
certain plasticity may be inherent in LHCs. The 
conceivable transitional nature of the Rorphyridium 
chloroplast between cyanobacteria and photosyn- 
thetic eukaryotes and the simpler structure of its 
LHCs make this rhodophyte an ideal candidate for 
investigating this apparent flexibility of pigment 
binding. 

The LhcaRl of Rorphyridium cruentum normally 
has eight Chi a and four zeaxanthin molecules, 
although as few as one zeaxanthin/polypeptide was 
found sufficient for insertion of the full Chi 
complement (Grabowski et al., 2000). The pigments 
typical of a chlorophyte {Spinacea oleracea; Chls a 
and b plus lutein), a chromophyte {Thallasiosira 
fluviatilis; Chls a, c, plus fucoxanthin and diadino- 
xanthin), and a dinophyte (Rrorocentrum micans; 
Chls a, c, plus peridinin) were found to functionally 
bind to this protein as evidenced by their participation 
in energy transfer to Chi a, the terminal acceptor 
pigment (Grabowski et al., 2001). These results not 
only demonstrate the functional relatedness of 
rhodophyte and higher plant LHCs but also suggest 
that eight Chl-binding sites per polypeptide are an 
ancestral trait, and that the flexibility to bind various 
Chi and carotenoid pigments was retained throughout 
the evolution of LHCs. 

A summary of pigment-binding results in Table 2 
shows that the rhodophyte LHC polypeptide retains 
a flexibility to functionally bind pigments foreign to 
its evolutionary history and that almost certainly 
evolved along separate phylogenetic lines i.e., 
rhodophytes, chlorophytes, chromophytes and 
dinophytes. We suggest that the diversity in the 
pigment composition of LHCs of different taxa is not 
primarily reflective of protein diversity but rather is 
representative of diverse pigment synthesis enzymes 
that developed in taxa for optimization of light energy 
utilization under differing light environments. 

IV. Light Acclimation Responses 

It should be noted that results of acclimation studies 
discussed in this chapter relate mainly to experiments 
performed under controlled laboratory conditions 
mostly of unicellular red algae. Light adaptive 
responses, largely relating to natural i.e. field 
conditions, are summarized for fresh-water rhodo- 
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Table 2. Pigments from distantly-related photosynthetic organisms form functional in vitro complexes with a rhodophyte 
(LhcaRl) polypeptide 











Mol pigment/mol polypeptide 








Chi a 


Chib 


Chic 


Zea 


Fuco 


Diadin 


/3-car 


Lut 


Neo 


Vio 


Pigment Source: 






















Rhodophyte^ 


8.2 


- 


- 


4.04 


- 


- 


0.33 


- 


- 


- 


Chlorophyte^ 


6.2 


1.8 


- 


- 


- 


- 


0.10 


2.4 


0.73 


1.20 


Chromophyte^ 


7.0 


- 


1.0 


- 


8.0 


1.9 


- 


- 


- 


- 



^Porphyridium cruentum, ^spinach, ^ Thallasiosira fluviatilis. Zea, zeaxanthin; fuco, fucoxanthin; diadin, diadinoxanthin; 
jS-car, /3-carotene; lut, lutein; neo, neoxanthin; vio, violaxanthin; as in Grabowski et al (2001). 



phytes in Sheath and Hambrock (1990), and marine 
species were recently reviewed by Talarico and 
Maranza (2000). Light intensity and light quality are 
important factors in pigment composition and in 
photosynthetic competence, and generally higher 
pigment content is found in algae grown at lower 
light intensity (Cunningham et al, 1989; Gantt 1990; 
Ritzetal.,2000; ZucchiandNecchi,2001). However, 
light acclimation responses are not identical in all 
red algal species as pointed out in a comparative 
study of eight red algal fresh-water species (Necchi 
and Zucchi 2001, Zucchi and Necchi, 2001). The 
influence of nutrient availability, temperature, salinity, 
pH may be equally important. For example, in the 
field, the growth of macro-algae tends to increase in 
the winter and decrease in the summer (Liining, 
1993). Thus meaningful comparisons on light 
acclimation in short term field studies can be difficult 
to interpret. From controlled laboratory studies on R 
cruentum it is known that the cell growth state is very 
important since pigmentation can significantly differ 
between cells in log phase and early stationary phase 
at a constant light intensity. In stationary phase cells 
we found a reduction of PBS/thylakoid area (Levy 
and Gantt, 1988), which did not occur in cells analyzed 
from the mid to late log phase of growth (Cunningham 
etal. 1989). 

A. Intensity Effects 

The absorbance capacity per cell decreases with 
increasing light intensity in cells grown in white 
light. Irradiance effects may result in significant 
changes in thylakoid area per cell, PBS composition 
and size, and changes in PS I/PS II stoichiometry. 
Generally, an increase of light intensity (white light) 
causes a reduction of the major photosynthetic 
components per cell (Cunningham et al., 1989; Ritz 
et al., 2000). The acclimation responses are relatively 
straightforward, for R cruentum at least. The content 



of Chl/thylakoid area and the number of PBS/ 
thylakoid area remain relatively constant even though 
the overall pigment content per cell decreases in high 
light-grown cells (Table 3). From cells grown in 
white light ( 1 0 /^mol m~^ s~^) we can recover 20% Chi 
in the PS II polypeptide region and 80% in the PS I 
region (with a total Chi recovery of 92%) (Aizawa et 
al, 1997). This is in good agreement with estimates 
on thylakoids (Cunningham et al., 1989, 1990) for 
low light-grown cells. It is noteworthy that the PSI/ 
PSII stoichiometry (shown by Q^/Ptoo determinations) 
is little changed by the intensity of white light 
(Table 3). 

In high light (white) the decrease in Chi content is 
almost entirely from the reduction of the PS I antenna 
size. Isolated PS I holocomplexes from high light- 
grown cells of R cruentum had 25% less Chi than 
those of low light-grown cells (Tan et al., 1995). A 
concomitant progressive decline in LHC I polypeptide 
band intensity (on SDS-PAGE) accompanied the 
decrease in Chi content. Acclimation to high light 
intensity in PBS is shown by a 25% reduction of PE, 
which in R cruentum is entirely of the B-PE type 
(Cunningham et al., 1 989). In extensive kinetic studies 
of photoacclimated cells of R. violacea, Ritz et al. 
(2000) found that the terminal PE content of PBS 
declined in high light, as also did the thylakoid area 
per cell. Both of these rhodophytes display the same 
fundamental acclimation characteristics. 

B. Wavelength Effects 

The photosystem stoichiometry adjusts differentially 
when cells are grown in light primarily absorbed by 
the PBS antenna of PS II (green light) vs. light 
absorbed primarily by Chi (red) most of which is 
normally associated with PS I (Table 3). Red algae, 
in contrast to some cyanobacteria (Chapter 17, 
Grossman et al.), do not undergo complementary 
chromatic adaptation with major changes in the PE/ 
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Table 3. Photoacclimation responses of the photosynthetic apparatus of Porphyridium cruentum grown in different light 
intensities and qualities 



Irradiance intensity 
(pmo\ nr^ s~9 


Chl/cell 

(Pg) 


Thylak./cell 


Qa^voo 

(mol/mol) 


Q^/PBS 

(mol/mol) 


P700/PBS 


Qa'^Ptoo 

PBS 


White light: 


6 


1.7 


630 


0.54 


2.9 


5.4 


8.2 




35 


1.8 


580 


0.45 


2.8 


6.2 


8.9 




180 


0.6 


300 


0.43 


3.0 


6.8 


9.8 




280 


0.6 


250 


0.53 


3.9 


7.6 


11.6 


Green light: 


15 


1.6 


nd 


0.26 


1.6 


6.3 


7.9 


Red light: 


15 


1.5 


nd 


1.21 


4.3 


3.6 


7.9 



Table 4. Light quality photoacclimation responses in light primarily absorbed 
by phycobilisomes ( green) or primarily by chlorophyll (red) 





Density per /im^ thylakoid membrane area 




PBS 


RC 1 


RC2 


Green light: 

(15 pmo\ m^ s“9 


4001/j.m^ 


2520/^m^ 


6301 


Red light: 

(15 pmol m^ s“9 


450/fim^ 


15 sow 


\&90/nm^ 



PC ratio when grown under different light quality. R 
cruentum cells grown in green light, primarily 
absorbed by PE, acclimate by increasing the number 
of PS I and decreasing the number of PS II, without 
any significant change in the PBS composition or 
size (Table 4) (Cunningham et al, 1990). Under red 
light, PS II reaction center number increases relative 
to the numbers of PS I and PBS. Based on the 
measured PBS density of 400//im^ membrane area in 
green light-grown cells and 450/^m^ in red light- 
grown cells, and on the PS I and PS II reaction center 
content, the photosystem densities per unit membrane 
were estimated as shown in Table 4 (Mustardy et al., 
1992). In Fig. 4 is shown how many photosystems of 
each type would occur relative to the area occupied 
by a PBS in /? cruentum. In this species, conservative 
calculations made in our laboratory predict that more 
than half of the thylakoid area is occupied by PS I, 
PS II, Cyt/bg and CFj components. 

The spatial distribution of PS I and PS II reaction 
centers in membranes from red- and green-light 
grown cells were probed with gold-coupled antibody 
to the reaction centers (Mustardy et al., 1992). We 
ascertained that both photosystems are distributed 
throughout the photosynthetic membranes, without 
any gross sequestrations of either photosystem. In 
attempting to assess the distance between the reaction 
centers we came to the conclusion that PS I and PS II 
reaction centers tend to occur as small clusters as 
suggested in Fig. 4. For PS I 25% of the total PS I 




Red light grown 

Fig. 4. Stoichiometric representation of photosystem distribution 
in cells of Porphyridium cruentum grown in green or red light. 
Photosystem I (stippled) and Photosystem II (black) complexes 
are shown stoichiometrically relative to the phycobilisome (large 
gray circles) and as viewed through the thylakoid looking from 
the lumenal toward the stromal surface. Direct physical association 
of PS II centers and PBS has been shown. Various distributions 
and groupings of PS I centers are possible, but physical association 
between PS I centers and phycobilisomes is not implied. 



centers in the thylakoid membrane were immuno- 
tagged. The greatest percentage (42%) of PS II centers 
were tagged in thylakoids with the lower total PS II 
density, whereas in those with the higher PS II 
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density the percentage decreased (29%) (Mustardy 
et al., 1992). Furthermore, the sum of gold-label 
particles was higher when PSI and PS II centers were 
labeled separately, then when labeled simultaneously. 
Clustered centers would tend to bind proportionately 
less immunol-label if the reaction centers and the 
gold-antibody-particle used are in the same size 
range, as was the case in these experiments. The 
clustering of PS II centers, consistent with the 
immunolabeling, has independent support from 
dimers observed in the fracture plane of thylakoid 
membranes. Freeze-fracture studies on red algal 
thylakoids have repeatedly indicated groups of dimers 
near PBS (Gantt, 1980; Morschel and Miihlethaler, 
1983). Moreover, four to five PS II/PBS were 
proposed as a functional unit in red light-grown cells 
(Ley, 1984; Cunningham etal., 1990) inP. cruentum. 
Therefore, PS II tetramers in such cell are proposed 
(Fig. 4). 

For red algae there is no direct evidence that PS I 
exists as trimers (as allowed for in Fig. 4), but such an 
extrapolation could be made since PS I trimers are 
clearly evident in cyanobacteria (Jordan et al., 2001 ; 
Chapter 8, Fromme et al.). Having experimentally 
addressed this question, we have not been able to 
obtain conclusive results. Furthermore, in fractionated 
thylakoids of Cyanophom Koike et al. (2001) were 
not able to demonstrate the existence of PS I trimers 
for this glaucocystophyte. It is possible that trimers, 
if they occur in reds or glaucocystophytes, are not 
sufficiently stable under the isolation conditions used, 
including those applied for cyanobacteria where 
trimers have been repeatedly shown. 

V. Energy Distribution 

Photoinhibition and attendant photodamage is a 
problem when the energy of light absorbed by the 
antenna systems cannot be utilized or otherwise 
dissipated. One might expect red algae, which have 
low light compensation points (Gantt, 1990), to be 
more sensitive to photoinhibition. To the contrary, 
rhodophytes have been shown to be rather resistant 
to photodamage from high light and to have rapid 
recovery times after exposure (Lee and Vonshak, 
1988; Hanelt et al., 1992). Classic manifestations of 
photoinhibition such as that in higher plants Involving 
light-dependent phosphorylation of PS II have not 
been clearly demonstrated in reds. In an examination 
of the involvement of state transitions in P. cruentum, 



Biggins et al. (1984) were unable to show a light- 
dependent phosphorylation in whole cells. Such 
results were clearly inconsistent with those from 
higher plants, but are fully consistent with the findings 
of Pursiheimo et al. (1998) who examined thylakoid 
protein phosphorylation of evolutionarily divergent 
species. In PBS-containing organisms (the cyano- 
bacterium Synechocystis PCC6803 and the red alga 
Ceramium tenuicorne) light-dependent phosphoryl- 
ation was absent in PS II core proteins, unlike in 
green plants. Interestingly, their findings led them to 
suggest that absence of PS II core protein phos- 
phorylation in PBS-containing organisms demon- 
strates that it is unnecessary for the proper function 
of PS II. 

Excitation energy from the PBS is directly 
transferred to RC 2 where it is converted to 
photochemical energy resulting in 02 -evolution and 
electron transfer to RC 1 . Transfer from PBS to RC 2 
is well established in whole cells, and functional 
activity of isolated PBS/RC 2 complexes has been 
demonstrated (cf. Gantt, 1990). A direct association 
of PBS and PS I has not as yet been demonstrated. 
However, one could speculate that PS I and PS II 
centers might be brought sufficiently close, within 
the less than 10 nm distance required for excitation 
energy transfer. It can also be speculated that PBS 
may somehow become attached to PS I by a 
conformational change occurring in thylakoid 
membrane components, or by a migration of PBS 
from PS II to PS I reaction centers. 

In green plants an excitation transfer connection 
between PS II and PS I (state change) can be brought 
about by phosphorylation of LHC II polypeptides 
and their migration to PS I (Chapter 13, Krause and 
Johns). With the apparent lack of LHC II polypeptides 
in red algae, this mechanism of preventing damage 
from over-excitation of RC 2 is not likely. State 
changes in green plants, as measured by a decrease 
in PS II fluorescence, occur relatively slowly, with 
durations of minutes. In red algae the apparent state 
changes are orders of magnitude faster, and the 
increase of PS I fluorescence appears to be 
independent of the quenching in PS II fluorescence 
(Bruce et al. 1986, Delphin et al. 1996). 

What alternatives exist in red algae to dissipate 
energy and prevent photoinhibition, if the energy is 
not redistributed by the reaction centers? Dissipation 
through fluorescence or thermal conversion are 
recognized alternatives, but direct evidence is still 
lacking. In cyanobacteria, from whole cell fluores- 
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cence studies, Mullineaux et al. (1997) favor the 
hypothesis that over-excitation from excess PBS 
energy to RC 2 is prevented by the physical 
detachment of the PBS and their movement and 
attachment to RC 1 . 

A compelling set of experiments was performed 
that critically addressed the state 1 and 2 transitions 
in the unicellular red alga Rhodella violacea and 
elucidated critical factors that resolve apparent 
inconsistencies (Delphin et al, 1995, 1996, 1998). 
These experiments showed that inhibition of protein 
phosphorylation did not influence the state 1 and 2 
transitions (Delphin et al. 1995), thus supporting 
previous findings (Biggins et al. (1984). They further 
demonstrated that the PS II quenched fluorescence 
state results from the ApH across the membrane and 
not from the reduction of the plastoquinone pool 
(Delphin et al. 1996). Even very low intensities of 
green light (state 2 light), absorbed only by PBS 
antenna of PS II, were sufficient for inducing the 
ApH. The PS II fluorescence quenching was relaxed 
upon uncoupling the ApH gradient, and by activation 
of ATPase, hence it was proposed that the quenching 
relaxation is related to the utilization of the ApH by 
ATP synthase (Delphin et al. 1998). The collective 
results make it clear that substantial differences exist 
in the excitation energy distribution in red algae and 
green plants. 

VI. Future Problems to be Addressed 

Red algae, despite a paucity of defined mutants and 
the lack of genetic transformation systems, provide 
rare opportunities for exploring basic questions of 
excitation energy transfer among pigment complexes 
and of membrane topography. Many years have 
elapsed since the discovery of PBS in red algae. Yet 
many interesting problems remain unresolved, the 
primary one being how PBSs are functionally 
connected to RC 2. Such a functional connection 
very likely includes phycocyanobilin chromophore(s) 
on the and the companion Chi chromophores in 
parallel orientation within a distance of less than 10 
nm. Is excitation energy transferred first to the core 
antenna, or directly to the reaction center Chls? 
Reconstitution experiments with RC 2 components 
are feasible and are especially attractive because of 
the relatively simple polypeptide composition. 
Ascertaining the physical and functional binding of 
PBS to RC 1 can be readily approached by relatively 
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straightforward in vitro reconstitution of purified 
intact components. Also, red algal thylakoid 
membranes provide excellent material for deter- 
mining the potential function domains within intact 
membranes by examining the topographic distribution 
of RC 1 , RC 2, ATP synthase, and the Cyt b^f complex. 
One simple approach would be to combine atomic 
force microscopy, which has high resolution potential, 
with primary antibody labeling for identification of 
thylakoid complexes. 

The photoprotection mechanism(s) in red algae 
are certainly interesting and remain to be elucidated. 
Clearly the state 1 and 2 changes are different from 
those of green plants. Also to be clarified is the 
means by which non-photochemical quenching takes 
place, which, given the carotenoid composition of 
LHC 1 of /? cruentum, must rely on zeaxanthin 
without other attendant quenching cycle carotenoids. 
Pigment and LHC I protein reconstitution experi- 
ments begun in our laboratory suggest that ‘molecular 
opportunism’ may be a significant factor in the 
evolution of light-harvesting complexes and pigment 
binding. Expanding such studies to more red algal 
LHCs and a variety of pigments and concentrations 
can enhance our understanding of the expansion of 
differentially pigmented algal groups which retained 
the fundamental protein structure. 
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Summary 

Our knowledge of the diverse peripheral light-harvesting complexes (LHCs) found in species of algae which 
contain chlorophyll (Chi) c as an accessory pigment is reviewed. Sequencing of genes encoding intrinsic LHCs 
with three putative transmembrane helices is proceeding rapidly in all groups, but basic biochemistry, 
particularly of the LHC components attached to PS I-enriched complexes, is currently neglected. All LHCs 
appear to have two different environments for Chi c, and the longer wavelength forms (> 640 nm) have their 
transition in the plane of the membrane, or the long axis of the particle. A limited amount of time-resolved 
spectroscopic data has been interpreted as excluding Chi c as an intermediate in energy transfer between either 
phycobilins or carotenoids and Chi a, but this may be premature. All the light-harvesting proteins seem to be 
encoded by multigene families, and for diatoms and brown algae, many genes have been sequenced. This will 
allow the role of individual gene products in determining the adaptive responses to environmental variation to 
be appraised. 

For those groups which possess an additional water-soluble antenna (cryptophytes and dinoflagellates), high- 
resolution (<2.0 A) structures of the antennas are available. These are directing theoretical and transient 
spectroscopic studies of some of the most fundamental aspects of light harvesting, and the unique peridinin- 
chlorophyll (3-protein (PCP) has already received appreciable attention. The cryptophyte PE545 has recently 
been crystallized as an (a^p){a 2 P) heterodimer, in distinct contrast to the (al3)^ structure of cyanobacterial 
phycobilins. However, the comparable interchromophore distances suggest that the fundamentals of light 
harvesting will be similar in both groups. The lack of a structure for any of the intrinsic light-harvesting proteins 
with three helices, which are common to all the groups, is a serious drawback to understanding the detailed 
mechanisms of light-harvesting and the role of carotenoids in particular. 



I. Introduction 

Chlorophyll (Chi) c is found in widely diverse classes 
of algae, all of which have resulted from secondary 
or tertiary endosymbioses (McFadden, 2001). As 
Chi c’-like pigments have also been found in the 
prochlorophyte section of the cyanobacteria, it is 
likely that the ancestral primary symbiont retained 
Chi c and this was transferred independently to 
several different algal lines whose descendants are 
extant (Larkum and Howe, 1997). The progression 
of simple branches may well have been complicated 
by lateral gene transfer, although there is no 
compelling evidence for this in the sequences of the 
light-harvesting proteins. 

A. Pigments 

The photosynthetic antennas of marine algae are 
adapted to maximize the collection of the relatively 



Abbreviations: Chi - chlorophyll; DBV -15,1 6-dihydrobiliverdin; 
FCP - fucoxanthin-chlorophyll a/c-protein; HL - high light; 
LHC - light-harvesting complex; LL - low light; MBV - 
mesobiliverdin; PC - phycocyanin; PCB - phycocyaiiobilin; 
PCP - peridinin-chlorophyll a-protein; PE - phycoerythrin; 
PEB - phycoerythrobilin; PS I - Photosystem I; PS II - 
Photosystem II; VCP - violaxanthin-ehlorophyll a-protein 



low levels of blue-green light penetrating the water 
column and a characteristic feature of these species 
is a relatively high carotenoid content associated 
with possession of Chi c. In brown algae, and diatoms 
and dinoflagellates (planktonic microalgae), fuco- 
xanthin or peridinin (Fig. 1 ) is the primary carotenoid. 
Together with Chi c, these carotenoids are responsible 
for extending the light harvesting capabilities of the 
organism beyond the Soret band of Chi a to ~570 nm 
(Larkum and Barrett, 1983; Hiller etal., 1991; Hiller, 
1999). In cryptophytes, a single type of phycobili- 
protein is also utilized to capture a significant fraction 
of the longer wavelength light that would otherwise 
be lost for photosynthetic purposes. Most marine 
algae also adapt to changing light intensity, or spectral 
quality, by varying the amount of light-harvesting 
proteins, with concomitant changes in the pigment 
content (Chapter 15, Falkowski and Chen). 

The energy levels of carotenoids in general, and 
peridinin in particular, are shown in a generalized 
form in Fig. 2, along with chlorophyll a and 
states. The intense absorption in the blue-green region 
of the visible spectrum is attributed to the allowed 
transition from the ground Sq (I’Ap state to the 
second excited singlet S 2 (CB^) state. The S 2 state of 
carotenoids decays within 300 fs to the lower- lying 
excited singlet Sj (2’Ag~) state, which in turn decays 
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Fig. 1. Structures of some of the main pigments making up the 
Chi c-containing LHCs: Chi a (phytyl = 3,7,1 1,15 -tetramethyl- 
2-hexadecenyl); Chi c (Chi c^:R^= CH 3 , R 2 = CH 2 CH 3 ; Chi C 2 : 
Ri = CH 3 , R 2 - CH=CH 2 ; Chi CyR^= COOCH 3 , R 2 = CH=CH 2 ); 
fucoxanthin (R=H; 19'-hexanoyloxyfucoxanthin: R = 
CH 2 OCOC 5 HJ j); diadinoxanthin; alloxanthin; peridinin. 



to the ground state. 

Although one-photon transitions between the Sq 
and S 1 states are forbidden by symmetry (Christensen, 
1999; Frank, 2001), both peridinin and fucoxanthin 
possess an unusual structure with low symmetry and 
a conjugated carbonyl group (Fig. 1), and weak 
emission from the Sj state is observed (Shreve et al., 
1991; Mimuro et al., 1992). Furthermore, the Sj 
lifetime of these xanthophylls shows an exceptional 
dependence upon the solvent polarity, varying from 
7-173 ps (Bautista et al., 1999b; Frank et al., 2000; 
Zigmantas et al., 2001). It has been proposed that a 
short-lived ('^1-3.5 ps) intramolecular charge transfer 
state lies below the Sj state in polar solvents and 
relaxation to this third excited state competes with 
Sj Sq internal conversion, thereby reducing the Sj 
lifetime. 

The inherently short lifetimes of the carotenoid 
excited states need not preclude efficient singlet 
excitation energy transfer to lower-lying chlorophyll 
states if the pigments are sufficiently close (in van 
der Waals contact) and the electronic interactions are 
large. Indeed, ultrafast kinetic measurements of higher 
plant LHCII trimers suggest that carotenoid-to- 
chlorophyll energy transfer can occur from the S 2 
state with a remarkably high yield and rate of up to 
80% and (33 fs)”\ respectively (Macpherson et al., 
2002; Chapter 7, van Amerongen and Dekker). 

Calculations of the electronic couplings driving 
energy transfer from the excited singlet states of 




Carotenoid Chlorophyll a 



Fig. 2. Energy level scheme showing two possible pathways of 
carotenoid to chlorophyll energy transfer. Energy transfer from 
the $2 state of the carotenoid to the state of Chi a may be a 
significant pathway for some carotenoids (e.g. violaxanthin), but 
for others (e.g. peridinin), transfer from Sj to Qy dominates. 
Three Q levels are indicated for Chi a; the Qy 0-0, Qy 0-1/ 0- 

0, and Qx 0-1 . The two Q levels of Chi c lie at energies similar to 
the 0-0 and 0-1 levels of the Chi a state. An intramolecular 
charge transfer (ICT) state lying below the carotenoid Sj state is 
also indicated. 



carotenoids are complicated by the close proximity 
of the pigments in the LHCs and the breakdown of 
the point dipole approximation (Chapter 3, Parson 
and Nagarajan). However, quantitative evaluations 
of the full Coulombic interactions, including higher 
order electrostatic terms (Nagae et al., 1993), have 
been made by Damjanovic et al. (2000) for the 
peridinin-chlorophyll a-protein (PCP). The calcu- 
lated Coulombic couplings were considerably larger 
than those determined for an electron exchange 
mechanism, even for transfer from the optically 
‘forbidden’ Sj state to the Chi a Qy state. The lower 
symmetry of peridinin (and fucoxanthin), and 
distortions and red-shifts induced by the protein 
environment, will result in increased mixing of the 
S 2 and S j states and an enhancement of the Sj transition 
dipole and Sj-Qy coupling. 

As an accessory light-harvesting pigment, Chi c, 
which has a fully unsaturated tetrapyrrole ring system 
and an acrylic acid side chain (Fig. 1), is somewhat 
anomalous. Compared to Chi a, the Qy (0,0) transition 
(at '^636 nm in vivo) is relatively weak, but the Soret 
band, with a maximum absorbance at '^450-460 nm, 
is more intense. However, in most organisms, 
carotenoids also absorb strongly in this region. Even 
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in the cryptophytes, where carotenoid absorption is 
not a strong feature, some species have very little Chi 
c. In the chrysophytes (Heterokonta, Table 1), 
Ochromonas (Grevby and Sundqvist, 1992) has a 
typical fucoxanthin-containing light-harvesting 
complex (LHC) but no Chi c, whereas Giraudyopsis 
retains Chi c in its LHC (Lichtle et ah, 1995). On the 
other hand, photosynthetic dinoflagellates typically 
possess a membrane-intrinsic LHC with peridinin, 
diadinoxanthin and a significant amount of Chi c 
(60% of the Chi a content). They also have a second 
water-soluble, extrinsic light-harvesting protein 
containing only peridinin and Chi a. 

Although for many years it was generally accepted 
that there were only two types of Chi c (Chi and 
Chi ^ 2 , see Fig. 1), many different forms are now 
recognized (reviewed by Jeffrey and Anderson, 2000). 
The proliferation of Chi c types (Chi c/Chl a ratio > 
0.5) is a particular feature of the haptophyte algae 
and is accompanied by some unusual carotenoid 
derivatives, e.g. 19'-butanoyloxy- and 19'-hexan- 
oyloxy-fucoxanthin (Garrido and Zapata, 1998). The 
variants of Chi c also include nonpolar forms which 
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elute from a reversed-phase high-performance liquid 
chromatography (HPLC) column in the vicinity of 
Chi a and these have usually been described as 
‘phytylated’ Chi c. One of these forms found in 
Emiliania has now been identified as a Chi moiety 
esterified to a monogalactosyldiacylglyceride 
(MGDG), rather than phytol (Garrido et al., 2000; 
Chapter 2, Scheer). Notwithstanding the fact that 
little is known about the role of the many forms of 
Chi c, it may be expected that all these forms are 
attached to the ubiquitous intrinsic LHCs which 
have three membrane-spanning helices and display a 
rich variation in pigmentation. 

B. Proteins 

Although no high-resolution structure is available 
for any light-harvesting protein containing Chi c, 
derived amino acid sequences are available from 
many algal groups. These sequences, while showing 
a likely common origin with the much studied Chi a/ 
Z?-binding LHCs of plants (Green and Dumford, 
1 996; Chapter 4, Green), provide no real information 



Table 1. Representative organisms of algal groups together with their pigments 



Algal Group 


Representative Organisms 


Chi c Type 


Main Light- 

Harvesting 

Carotenoids 


LHC Gene 


LHC 

Initials 


Haptophvta 


Emiliania, Isochrysis, 
Pavlova 


Cy-c^ and 
galactosyl 
derivatives 


Fucoxanthin and 

19'-acyloxy 

derivatives 


Lhcf 




Heterokonta 

Bacillariophyceae 

(diatoms) 


Cyclotella, Cylindrotheca, 
Odontella, Phaeodactylum, 
Skeletonema, Thalassiosira 


Cj and C 2 


Fucoxanthin 


Lhcf 


FCP 


Phaeophyceae 
(brown algae) 


Dictyota, Fucus, Laminaria, 
Macrocystis 


Cj and C 2 


Fucoxanthin 


Lhcf 


FCP, 

Cac 


Raphidophyceae 


Heterosigma 


Cj and C 2 


Fucoxanthin 


Lhcf 


FCP 


Chrysophyceae 


Giraudyopsis 

Ochromonas 


+ 


Fucoxanthin 






Xanthophyceae 


Pleurochloris 


+ 


Diadinoxanthin, 

V aucheriaxanthin, 
Heteroxanthin 






Eustigmatophyceae 


Monodus, Nannochloropsis 


- 


Violaxanthin, 

Vaucheriaxanthin 


Lhcv 


VCP 


Crvptoohvta 


Cryptomonas, Guillardia, 
Rhodomonas 




Alloxanthin 


Lhcc 


Cac 


Dinophvta 

(dinoflagellates) 


Alexandrium, Amphidinium, 
Gonyaulax, Heterocapsa, 


^2 


Peridinin 


Lhcd 


acPCP, 

iPCP 



Symbiodinium 
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PLANT and GREEN ALGAL LHCs 



* 



I — Skeletonema costatum Lhcf1 

Cyclotella cryptica Lhcf1 

Odontella sinensis LhcfA-1 

Phaeodactylum tricornutuum LhcfB 

Phaeodactylum tricornutum LhcfC 

Skeletonema costatum LhcfS 



^ Macrocystis pyrifera Lhcf 

' Laminaria saccharina Lhcf1 

— Macrocystis pyrifera Lhcf 

L ^ Giraudyopsis stellifera Lhcf1 

^ Heterosigma carterae Lhcf1 

T (Nannochloropsis sp. Lhcv1) 

Amphidinium carterae Lhcd1 

^ Amphidinium carterae Lhcd2 

(Porphyridium cruentum LhcaRI) 

(Cyanidium caldarium LhcaRI) 

(Porphyridium cruentum LhcaR2) 

Guillardia theta LhcdO 

* Guillardia theta Lhcc13 



LHCs 

with 

Chic 



Guillardia theta Lhcc4 

j Isochrysis galbana Lhcf1 

n Cyclotella cryptica Lhcf7 

*' Cyclotella cryptica Lhcf 12 

Euglena gracilis Lhca38 
Euglena gracilis Lhca35b 



0.05 changes 



Fig. 3. Phylogenetic tree showing the relationships of LHCs containing Chi c (adapted from Deane et ah, 2000). Bootstrap values higher 
than 75% (on average) are marked by an asterix. Related LHCs not containing Chi c are bracketed. 



on possible Chi c or carotenoid binding sites. The 
sequences do emphasize a conservation of four or 
five Chi a binding sites on transmembrane helices 1 
and 3. 

In the past, a number of different trivial names 
have been used to describe these related light- 
harvesting proteins, but of these, only FCP for those 
containing fucoxanthin, has achieved almost universal 
usage. Given the plethora of terms, it has been 
proposed that the genes and their proteins be 
designated in a way that emphasizes their inter- 
relationship (Jansson et al., 1999). Each group is 
designated by a four-letter code in which the fourth 
letter defines the type. Lhcf corresponds to FCP and 
Lhcd to iPCP, the intrinsic light-harvesting proteins 
of the peridinin-containing dinoflagellates. This 
simple rationalization may well require the addition 
of a fifth letter as a sequence becomes aligned with a 
function, as for Lhca and Lhcb, the LHCs associated 



with Photosystem I (PS I) and Photosystem II (PS II) 
of higher plants, respectively. The relationships 
between these Chi c-containing proteins are shown 
in Fig. 3. 

A glance at Fig. 3 shows a wide divergence of Lhcf 
and it may be that some of these are preferentially 
associated with PS I. It may also reflect the 
disproportionate number of Lhcf gene sequences 
available compared to those from other groups. In 
this chapter the four-letter code will be given at the 
beginning of the appropriate section, but the 
established trivial name, or simply LHC, will be used 
in the text. 

The isolation of Chi c-containing LHCs which 
show excellent energy transfer from carotenoid and 
Chi c to Chi a is now readily achievable for many 
species of algae. Washed thylakoids are solubilized 
with digitonin or glycosidic detergents (such as 
n-dodecyl /3-D-maltoside), at a w/w ratio of 20-100 
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detergent/Chl a. After centrifugation through a 
continuous sucrose gradient, three main bands are 
usually formed, with a PS I-enriched component at 
the bottom and the dominant LHC towards the top. A 
presumed PS II band is located near to the LHC. 

The ease of isolation of the LHC, which often 
contains the greater part of the Chi in the thylakoids, 
is somewhat of a trap. Despite the obvious 
heterogeneity of the proteins, further purification is 
rarely undertaken and it may be that the second most 
abundant carotenoid present is localized on a separate 
polypeptide (De Martino et al., 2000). It is clear from 
published LHC polypeptide profiles that either there 
is a greater range of LHC peptide masses than 
predicted from the cDNA sequences, or there is 
considerable contamination and/or breakdown. 

The thylakoids of chromophyte algae do not form 
stacks connected by single lamellae, but are arranged 
rather uniformly, either in groups of three appressed 
membranes, or in the case of cryptophytes, as two 
loosely associated membranes (Chapter 1, Green 
and Anderson). In immuno-electron microscopy (EM) 
studies, the LHC and PS I appear to be uniformly 
distributed along both the internal and external 
membranes (Pyszniak and Gibbs, 1992; Lichtle et 
al., 1 992a,b). A consequence of this is that a separate 
PS I-containing membrane fragment cannot be 
isolated by mechanical means and it is generally 
suggested that there is no separate PS I LHC, as there 
is in higher plants and green algae. Our view is that 
this presumption may be premature, given the large 
families of genes already demonstrated, and that all 
detergent-derived PS I preparations contain a 
component of LHC which is rarely investigated 
(Berkaloff et al, 1990; Biichel and Wilhelm, 1993; 
Bathke et al, 1999; De Martino et al, 2000). 

Two groups of algae (cryptophytes and dino- 
flagellates) possess a second accessory water-soluble 
light-harvesting protein for which high-resolution 
structures, as well as amino acid sequences, are 
available. The combination of high-resolution 
structural information with modern ultrafast 
spectroscopy offers many opportunities for under- 
standing light harvesting in its most fundamental 
aspects. These two systems should also be valuable 
for elucidating the more physiologically relevant 
problems of light harvesting, such as the interaction 
between the many different protein molecules which 
make up the system and its adaptive response to the 
environment. 

No attempt will be made in this chapter to catalogue 
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the light-harvesting proteins of every algal group. It 
will also be restricted to those groups which have 
Chi c in only the strictest sense. Algae such as 
Mantoniella, which have a Chi c-like component, 
but are otherwise in the Chi a/b category, are not 
included. On the other hand, the Eustigmatophyceae 
(Table 1) are included, as the LHC sequence of 
Nannochloropsis is clearly related to the Lhcfs 
(Sukenik et al, 2000). Information will be confined 
to those systems for which there is a substantial body 
of biochemical, genetic and/or physiological data. 
Light-harvesting by the inner antennas surrounding 
the photosystems, e.g. by CP43 and CP47 in PS II, 
and PsaA and PsaB in PS I, will also not be discussed, 
as the amino acid sequences that have been derived 
indicate a high degree of identity across all algal and 
plant groups (Green and Durnford, 1996; Chapter 4, 
Green); they are dealt with in the context of the 
individual photosystems (Chapter 7, van Amerongen 
and Dekker; Chapter 8, Fromme, et al.) 

II. Groups Having One Main Light 
Harvesting System 

Although not every algal group has been examined 
in detail, all the groups utilize a peripheral LHC with 
three membrane-spanning a-helices and, with the 
exception of the cryptophytes and dinoflagellates, 
probably belong in this category. As shown in Table 
1 and Fig. 3, most is known about the groups which 
use fucoxanthin as the principal light-harvesting 
carotenoid. Furthermore, the available data suggests, 
despite some considerable amino acid sequence 
differences between the taxa, that heterokont and 
haptophyte fucoxanthin-chlorophyll a/c-protein 
(FCP) LHCs are sufficiently similar to be treated as 
a single group (Fawley et al, 1987). Of the other 
algae in this category, only the LHCs of the 
xanthophyte Pleurochloris meiringensis and the 
eustigmatophytes Nannochloropsis and Monodus 
have been sufficiently investigated to warrant 
discussion. 

A. Lhcf (FCP), the Intrinsic LHC of Haptophyte 
and Heterokont Algae 

1. Isolation 

Intrinsic LHCs in which fucoxanthin is the dominant 
carotenoid have been isolated from several different 
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algal groups. Discounting some of the earlier reports 
(reviewed in Hiller et al. 1991) where Triton X-100 
was commonly used as a solubilizing detergent, the 
ratio of fucoxanthin to Chi a is typically 0.6- 1.3 
(Berkaloff et al., 1990; Passaquet et al., 1991), 
although ratios as high as '^2 have been reported 
(Friedman and Alberte, 1984). An average of five 
Chi a per 17-22 kDa polypeptide and a Chi c/Chl a 
ratio of 0. 1-0.4, suggests a total of six or seven Chls 
per FCP. However, as few FCP isolation procedures 
involve any further purification beyond sucrose- 
density gradient separation of the solubilized 
thylakoids, these figures may be on the low side. 

De Martino et al. (2000) separated the dominant 
FCP band from Laminaria, as well as FCP complexes 
obtained by subjecting the PS I- and PS Il-enriched 
bands to a second detergent treatment, into a brown 
and a green traction with an additional non-denaturing 
isoelectric focusing step. The brown fraction from 
each of the three complexes had a Chi a: Chi 
cifucoxanthin ratio of 6:2:7 (or 8) per 20 kDa 
polypeptide and violaxanthin was only found in the 
green fractions. Katoh et al. (1989) obtained an FCP 
preparation from Dictyota which showed efficient 
energy transfer from Chi c and fucoxanthin to Chi a, 
when monitored at the fluorescence emission 
maximum of 677 nm. A functional particle was 
estimated to contain seven monomers, each monomer 
consisting of 13 Chi a, 3 Chi c, ten fucoxanthins and 
one violaxanthin associated with an apoprotein of 
54 kDa. However, this is somewhat enigmatic as the 
molecular mass of the FCP polypeptide determined 
by gel electrophoresis is '^20 kDa (Passaquet et al., 
1991). Assuming that these pigments are found on 
two polypeptides of 20 kDa, the Dictyota FCP would 
have a pigment composition similar to the FCPs 
isolated using glycosidic detergents from a number 
of organisms in several different laboratories. 

2. Spectroscopy 

Information on the organization of the pigments 
from these different preparations can be summarized 
as follows. Fucoxanthin is located in two different 
molecular environments; one of these extends the 
absorbance as far as ^^570 nm (Fig. 4). Linear 
dichroism (LD) spectra of thylakoids show that the 
transition of this carotenoid is located at < 35° to the 
plane of the membrane (Hsu and Lee, 1987; Mimuro 
et al., 1990a; Hiller and Breton, 1992). This form of 
fucoxanthin is readily lost on mistreatment of the 




Wavelength (nm) 

Fig. 4. Absorption (upper) and CD (lower) spectra of the FCP of 
Pavlova lutherii. Second derivative analysis of the absorption 
spectrum indicates peaks at 440, 455, 492, 541, 585, 634 and 
671 nm. 



FCP by increasing the temperature, or by adding 
sodium dodecyl sulfate (SDS) or Triton X-100. It is 
also lost when the FCP is incorporated into a squeezed 
polyacrylamide gel to make LD measurements (Hiller 
and Breton, 1992). In Pavlova (Fig. 4) and Dictyota, 
fucoxanthin shows almost no circular dichroism (CD) 
in the 540 nm region at room temperature. The 
signals observed at 440 (+), 673 (-) and 475 (-) nm 
were assigned to the Soret and bands of Chi a and 
to a second form of fucoxanthin, respectively 
(Mimuro et al., 1990a). 

The detection of dichroism bands to the red of the 
Chi a Qy absorption band at 671 nm suggests the 
presence of a long- wavelength form of Chi a. Two 
spectroscopically distinct Chi c forms absorbing at 
632 and 638 nm were also detected in the same 
complex at 77 K. The brown FCP fraction from 
Laminaria, which has a Chi c/Chl c^ ratio of 0.64, 
shows similar behavior with a weak shoulder at 641 
nm, in addition to the 633 nm maximum (Pascal et 
al., 1998). Although it might be tempting to equate 
the two Chi c forms with Chi Cj and c-^^, it should be 
noted that cryptophyte and dinoflagellate LHCs which 
contain only Chi C 2 , also show some evidence of two 
forms (Sections III.A.2 and III.B.2). 

Resonance Raman spectroscopy was used to 
investigate the environment of the Chi c binding sites 
in the brown fraction of the major FCP of Laminaria 
at 77 K, by examining the position of the 9-keto- 
carbonyl band upon excitation of Chi c at 457.9 nm. 
The observation of two bands at 1679 and 1693 cm~^ 
downshifted from unbound Chi c in tetrahydrofuran 
(1707 cm“*), confirms that there are two discrete 
populations of Chi c; one having a medium-strength 
hydrogen bond and the other in either a polar, or only 
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weakly interacting, environment (Pascal et al., 1998). 
Fucoxanthin was also studied in the same complex 
and the resonance Raman spectra clearly establish 
that this xanthophyll is bound in an all-trans 
conformation. However, the increase in intensity of 
two very weak out-of-plane modes when 514.5 nm 
excitation was used suggests that there is a 
subpopulation of fucoxanthins, perhaps one or two 
of the eight, with a highly twisted all-trans 
configuration. 

We are aware of only one time-resolved study of 
an FCP complex. Trautman et al. (1990) measured 
the formation of the Chi a bleaching at 670 nm 
following excitation of the fucoxanthin in Phaeo- 
dactylum thylakoids between 500 and 540 nm and 
reported rise times of 0.5 and 2 ps with relative 
amplitudes of 1.7:1. Although the excited singlet 
state lifetimes of fucoxanthin were not determined in 
vivo, one possible interpretation of these kinetics is 
that there are two different binding sites from which 
the Sj state of fucoxanthin can transfer energy to Chi 
a with an efficiency of at least 90%. Such a high 
energy transfer efficiency is consistent with that 
determined from the steady state fluorescence 
excitation spectrum of the thylakoids or isolated 
LHC, but only at wavelengths > 520 nm (Shreve et 
al., 1 99 1). To reconcile the apparent independence of 
the Chi a rise kinetics from excitation wavelength, 
and the lower steady-state efficiency of ^^60% between 
450 and 500 nm, it was suggested that a fraction of 
the carotenoids is uncoupled from Chi a. The possible 
involvement of Chi c as an energy transfer 
intermediate between fucoxanthin and Chi a has not 
yet been investigated by time-resolved spectroscopy. 

3. Genes and Sequences 

Genes encoding complete FCPs have been reported 
from Cyclotella (Eppard and Rhiel, 1998; Eppard et 
al., 2000), Odontella (Kroth-Pancic, 1995), Phaeo- 
dactylum (Bhaya and Grossman, 1993), Skeletonema 
(Smith et al., 1997), Laminaria (Caron et al., 1996; 
De Martino et al., 2000), Macrocystis (Apt et al., 
1995), Isochrysis (LaRoche, 1994), Heterosigma 
(Durnford et al., 1996) and Giraudyopsis (Passaquet 
and Lichtle, 1995), with partial sequences available 
from Thalassiosira (Leblanc et al., 1999) andPav/ova 
(Hiller et al., 1993). With the possible exception of 
Isochrysis, it is likely that all FCPs are encoded by 
multigene families and up to twelve different light- 
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harvesting polypeptides have been detected (Durnford 
and Green, 1994). 

In several cases, sufficient genes have been 
sequenced to permit separation into two classes. 
Cyclotella is particularly interesting as four of the 
eight genes sequenced are ‘aberrant’ forms (only 
32-38% identity at the amino acid level), and three 
of these have most affinity with the Lhcf of Isochrysis, 
which is itself on a side branch of the main Chi c- 
containing lineage (Fig. 3). The fourth clone (Fcp4) 
is incomplete, but has a fairly strong affinity with the 
rhodophyte LHCs associated with PS I, especially 
towards the N-terminus (Eppard et al., 2000). 

Despite the lack of recognizable lateral heterogen- 
eity in the thylakoid membrane (Pyszniak and Gibbs, 
1992; Lichle et al., 1992a), it is possible that some of 
these derived LHC forms are preferentially associated 
with PS I. However, the LHCs associated with the 
PS I and PS II of Laminaria have a pigment content 
very similar to the main LHC fraction, and De 
Martino et al. (2000) concluded that there is no 
special PS I LHC. They also noted that the six Lhcf 
genes they isolated translate to give proteins with no 
variation in at least seven of the putative pigment- 
binding amino acids. Interestingly, one of the genes 
(Lhcf3) showed significant differences from the other 
five in both identity and pi. The differences were 
especially marked between helices 2 and 3 and at the 
C-terminus, which might be consistent with a different 
attachment point compared to the more abundant 
Lhcf forms. 

The predicted size of FCP proteins is 1 7 to 23 kDa, 
in agreement with that found for the maj or polypeptide 
band on SDS polyacrylamide gels. As it is clear that 
all FCPs are members of the three-helix family 
typified by the LHCII of higher plants, the smaller 
size of FCPs compared to the latter is of interest and 
a model based on the Fcp2 sequence of Cyclotella is 
shown in Fig. 5. Much of the difference occurs in the 
lumenally-located loop, between transmembrane 
helices 1 and 2, and in the N-terminal region before 
the first membrane-spanning helix. As the resolution 
of these regions is not well defined in the Kiihlbrandt 
et al. (1994) structure of higher plant LHC, we have 
no idea what these differences mean. It might be 
speculated that the difference in the N-terminal region 
is related to the different arrangement of the 
thylakoids, which are composed of three parallel 
appressed membranes, rather than a stack of many, 
as in higher plants. 
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Fig. 5. Fcp2 sequence of Cyclotella (Eppard and Rhiel, 1998) modeled on the three transmembrane helix structure of LHCII (Kiihlbrandt 
et al, 1994). White letters on black are conserved in all FCPs and some Chi a/b proteins. The gray residues are those conservatively- 
substituted in most LHCs. TMH, Trans-Membrane Helix. Thin lines beside groups of residues indicate predicted beta-turns. 



The sequence identity between the FCPs and 
chlorophyll a/Z?-binding proteins is highest for the 
first and third helices and at least four conserved 
Chi a binding sites can be identified. As the fifth 
ligand for the central Mg atom of chlorophylls is now 
known to be very varied (Kiihlbrandt et al., 1994), 
there are plenty of potential candidates for the 
remaining Chi a and Chi c. By analogy with LHCII 
of higher plants, the second transmembrane helix 
has been considered a possible Chi c-binding domain 
and, in particular, there are conserved glutamic acid 
and glutamine residues (Caron et al., 1996). As 
already noted, there is a similar number of fucoxanthin 
and Chi a molecules per polypeptide, but the residues 
involved in positioning the carotenoids close to the 
Chls cannot be predicted. In the peridinin-chlorophyll 
a-protein (PCP), the conjugated part of the carotenoid 
is surrounded by hydrophobic amino acids, but all 
eight peridinins are associated with different 
sequences. 

The availability of complete FCP gene sequences 
opens the possibility for studies of the effects of 
environment on gene expression. In both 
Giraudyopsis (Passaquet and Lichtle, 1995) and 



Thalassiosira (Leblanc et al., 1999), the mRNA 
levels of dark-adapted cultures increased dramatically 
after the transition to light. In Giraudyopsis, 
expression of the FCP message became undetectable 
1 1 hours after a subsequent return to darkness. 

The similarity of the many members of the gene 
families makes elucidation of the roles of the different 
genes difficult. In Macrocystis (Apt et al., 1995), the 
Lhcf transcripts are ~1.2 or 1.6 kb, the difference 
lying in the length of the 3 ' untranslated region. Both 
the 1.2 and 1.6 kb transcript levels increased when 
cultures were transferred from high to low intensity 
white light, and low blue light was more effective 
than low white light. The levels of transcripts of the 
six genes sequenced were also examined under the 
same illumination conditions. The "fcpD" levels 
remained almost constant under all light conditions, 
but were greatly reduced by the middle of the dark 
cycle. In contrast, levels of ‘/cpF’ dramatically 
Increased under low blue or white light, but barely 
changed in the middle of the dark cycle following 
growth in mid-blue light. These studies show that by 
utilizing Northern blotting with gene-specific probes 
to individual Lhcfs, or semi-quantitative reverse 
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transcriptase-dependent polymerase chain reaction 
(RT-PCR) protocols employing gene-specific primers, 
a much greater understanding of the adaptation of 
the light harvesting system to changes in environ- 
mental conditions is attainable. Unfortunately the 
gene sequences of all, or most, of the members of the 
family have to be completed first! 

B. LHC from Pleurochloris 

The LHC from Pleurochloris is the most extensively 
studied of any Xanthophycean algae. The thylakoids 
have a Chi c/Chl a ratio of 0.05 and the LHC separated 
by sucrose density centrifugation has a Chi c/Chl a 
ratio of 0.22 (Wilhelm et al., 1988). The xanthophylls 
diadinoxanthin, vaucheriaxanthin ester and hetero- 
xanthin are also strongly enriched in the LHC, with 
a total xanthophyll to Chi a ratio of 0.54. In this 
earlier work, a digitonin to Chi a ratio of 40:1 was 
used to solubilize the thylakoids and significant 
amounts of the above xanthophylls remained attached 
to the PS I fraction. At 77 K this PS I fraction had a 
fluorescence emission maximum at 7 1 5 nm, together 
with a shoulder at 695 nm, whereas the LHC had a 
peak at 685 nm. In subsequent work (Biichel and 
Wilhelm, 1993), the ratio of digitonin to Chi a was 
increased to 90: 1 and the initial PS I preparation was 
treated to a second solubilization step with a Triton 
X-100:^-dodecyl ^-D-maltoside:Chl a ratio of 
20:90: 1 . From this, a fraction designated LHCI, with 
a Chi c/Chl a ratio of only 0.03, was obtained. This 
LHC had a fluorescence emission maximum at 702 
nm, together with a shoulder at 686 nm, and a 
different polypeptide composition — approximately 
equal amounts of 17 and 21 kDa polypeptides, 
compared to a single polypeptide of 22 kDa for 
LHCII. 

Some further support for the existence of a separate 
LHC associated with PS I was obtained from a 
freeze-fracture EM study. The PS I particles were 
observed as discrete patches on the PF 2 protoplasmic 
face and their dimensions were consistent with a 
core of PS I plus an LHC antenna (Biichel et al., 
1 992). Unfortunately there is no further data available 
for this PS I-associated antenna and the spectroscopic 
data discussed below relates exclusively to the LHCII. 

When the LHCII is damaged or aged, excitation at 
490 nm results in emission at 635 nm from Chi c and 
it was suggested that this was evidence that Chi c 
mediates energy transfer from the xanthophylls to 
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Chi a (Wilhelm et al., 1988). However no excitation 
spectrum was presented and some direct excitation 
of Chi c cannot be ruled out. We also consider it 
unlikely that Chi c uncoupled from Chi a would 
remain coupled to the xanthophylls. 

Circular dichroism spectra suggest that while Chi c 
has little or no dichroism, the organization of Chi a is 
rather different from that in higher plant LHCs 
(Biichel and Garab, 1 997). In the Chi a region, the 
isolated Pleurochloris LHC shows a single intense 
negative CD band at 679 nm, 8 nm to the red of the 
absorption maximum. The absence of a split CD 
signal indicative of excitonic interactions, is in distinct 
contrast to higher plant LHCII (Chapter 7, van 
Amerongen andDekker). From fits of the absorption 
and CD spectra with Gaussians centered at 670, 679 
and 690 nm, it was concluded that the negative band 
centered at 679 nm represented only 1 0% of the Chi 
a, but accounted for almost 80% of the CD signal. 
Although the amount of Chi a per 22 kDa polypeptide 
is unknown, the above result suggests only a single 
unique Chi a is involved. In contrast to the FCPs, the 
CD signal in the carotenoid region is rather weak. 

The linear dichroism spectra of intact thylakoids 
show an intense positive band at 680 nm, together 
with a much smaller negative band at 659 nm and a 
complex pattern of bands of both signs at shorter 
wavelengths, assigned to carotenoids and the Chi 
Soret peaks (Biichel and Garab, 1998). The LHC 
also has a positive LD band at 680 nm, and this is 
accompanied by an almost equal strength negative 
band at 665 nm. However, the spectrum is dominated 
by a structured negative signal in the range 350 to 
520 nm. As for the FCP complexes, there is little 
doubt that incorporation of the LHC of Pleurochloris 
(but not the thylakoids) into a polyacrylamide gel 
results in an unknown degree of decomposition (Hiller 
and Breton, 1992). Comparable LD studies, in which 
the orientation is achieved in a different medium, 
e.g. gelatine, are required to settle this point. 
Nevertheless in Pleurochloris, as in other LHCs 
containing Chi c, there is a small population of long 
wavelength Chi a which show a positive LD, 
indicating that the Qy transition lies in the plane of 
the thylakoids, or at less than 35° to the long axis of 
the LHC. This suggests that one or more of the 
conserved Chi a molecules is the source of the 
positive LD. 
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C. Lhcv (VCP) from Nannochloropsis and 
Monodus 

As with many other algal groups, the pigments 
involved in light harvesting have been established by 
recording the action spectra for photosynthesis, or 
the fluorescence excitation spectra for Chi a emission. 
In the Eustigmatophyceae, violaxanthin and perhaps 
vaucheriaxanthin ester (or its free form) act as 
accessory light-harvesting pigments (Owens et ah, 
1987). Strictly speaking these heterokonts should 
not be included in this review, since they do not 
possess a Chi c-containing LHC. However, the amino 
acid sequence derived for the main LHC, a 
violaxanthin-chlorophyll a-protein (VCP), aligns it 
close to the FCPs (Sukenik et al., 2000), as shown in 
Fig. 3. Stringent Southern blotting suggests only a 
single Lhcv gene is present, although it was noted 
that less stringent conditions produced several 
additional bands. This gene encodes a mature protein 
of 18.4 kDa, which is significantly smaller than the 
26 kDa molecular mass that was determined by gel 
electrophoresis by Sukenik et al. (1992). The lower 
value is, however, consistent with the observation of 
a major polypeptide of 20 kDa in the thylakoids of 
similar species (Chrystal and Larkum, 1987). 
Antibodies to the 26 kDa apoprotein precipitated a 
major in vitro translation product of 28 kDa and a 
minor one of < 20 kDa. Thus, it is not impossible that 
a family of LHC genes encodes the light-harvesting 
proteins of Nannochloropsis, as in all the other algae. 

In the absence of chlorophylls other than Chi a, the 
VCP isolated from Nannochloropsis shows a 
prominent xanthophyll absorption band at '^480 nm. 
Sukenik et al. ( 1 992) reported the composition of the 
VCP to be 9 Chi a, 4 violaxanthins, and 2 vaucheria- 
xanthins per 26 kDa polypeptide, but if the mass is 
really 18.1 kDa, the ratio might be 6:3:1. 5. 
Unfortunately, the light harvesting function of the 
xanthophylls is lost in the presence of even mild 
detergents (Brown, 1987; Sukenik et al., 1992). 
Trautman et al. (1990) estimated the energy transfer 
efficiency in the thylakoids to be 60--70%, and their 
transient absorption measurements indicate that this 
energy transfer probably proceeds directly from the 
S 2 state of the carotenoids to Chi a (Fig. 2). 

A similar LHC was isolated from a Monodus sp. 
following solubilization with digitonin. A single 
polypeptide of '^23 kDa was observed and this VCP 
retained some energy transfer from the carotenoids 
to Chi a (Arsalane et al., 1992). Relative to Chi a, 



violaxanthin and vaucheriaxanthin ester were present 
in a 28: 13: 100 ratio in this LHC, almost the same as 
for whole cells. Thus, it appears that the eustig- 
matophytes and xanthophytes have a carotenoid-to- 
Chl a ratio only half that of the FCPs and the intrinsic 
LHC of dinoflagellates (Section III.B.2). 



III. Groups Having Two Distinct Light 
Harvesting Systems 

Two groups of algae, the cryptophytes and dino- 
flagellates, possess a peripheral water-soluble light- 
harvesting complex in addition to the universal 
membrane-intrinsic LHC. These additional light- 
harvesting proteins are not related to the three-helix 
LHCs. 

A. Cryptophytes 

Cryptophytes are unique, utilizing both phycobili- 
proteins and intrinsic Chi c-containing light 
harvesting proteins in their light-harvesting apparatus. 
The LHC is most closely related to the LHCs of red 
algae (Fig. 3). The phycobiliproteins differ from 
those of the red algae and cyanobacteria in their 
location in the chloroplast, subunit structure and the 
occurrence of only one type of phycoerythrin (PE) or 
phycocyanin (PC) in a species. A number of immuno- 
EM studies have firmly established that the 
phycobiliproteins are located in the thylakoid lumen 
(Spear-Bernstein and Miller, 1989; Ludwig and 
Gibbs, 1989; Rhieletal., 1989; Lichtleetal., 1992b; 
Vesk et al., 1992), confirming earlier work by Gantt 
et al. (197 1). Some of these have also suggested that 
within the lumen the phycobilin occurs as stacks or 
rows (Ludwig and Gibbs, 1989; Lichtleetal., 1992b; 
Vesk et al., 1992), although there is no real consensus. 
Since the PE is known to be a heterodimer of 60 kDa, 
whose dimensions are 75 A x 60 A x 40 A (Wilk et 
al., 1999), there could be as many as seven PE 
molecules in some form of aggregate to account for 
the width (typically up to 300 A) of the thylakoid 
lumen in cells grown at low light. 

1. Phycobiliprotein Components 

The bilin pigments of these proteins are linear 
tetrapyrroles (for structures, see Chapter 2, Scheer). 
Although only PE or PC is found in any one species, 
this is an oversimplification as the spectral coverage. 
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especially of PC forms, is far wider than that of the 
PCs from cyanobacteria. Allophycocyanin has never 
been found in cryptophytes. Different phycobilins 
are designated by the predominant species of 
chromophore (PE are red-colored and contain at 
least one phycoerythrobilin, and PC are blue) together 
with the wavelength of maximum absorbance (see 
Table 2). The general structure of the proteins will be 
described here as a heterodimer of the form 
(a^p)(a 2 P). Both MacColl et al. (1998) and Wilk et 
al. (1999) followed the convention derived from 
phycobilins in the phycobilisome, that the tightly 
linked a/3 combination is a monomer and (a^p)(a 2 p) 
is therefore a heterodimer. However, in using this 
nomenclature, the large structural differences between 
the cryptophyte and cyanobacterial or rhodophyte 
phycobiliproteins should not be overlooked (Chap- 
ter 9, Mimuro and Kikuchi; Chapter 10, Gantt et al.). 

The heterodimer is made up of two identical ~1 8.5 
kDa p subunits and two shorter non-identical a 
subunits (ap 8. 1-8.8 kDa; a 2 . 7-7.5 kDa). The amino 
acid sequence of each /3 subunit of PE or PC has a 
high degree of identity with the p subunit of the 
rhodophytes, including the N-methyl asparagine at 
residue P-72, and three bilin chromophores are 
covalently attached. The a subunits only carry a 
single chromophore and their amino acid sequences 
have no counterparts in the databases. Many different 
types of bilin are utilized on both subunits (Table 2; 
reviewed in Glazer and Wedemayer, 1 995). The gene 
for the P subunit is located on the chloroplast genome 
(Reith and Douglas, 1 990), while the and a 2 genes 
are nuclear encoded (Jenkins et al., 1990) and 
arranged in pairs in an opposed orientation 
(M. Broughton and R. G. Hiller, unpublished). 
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A striking feature of cryptophyte phycobilins is 
the occurrence of many (at least eight for PE545) 
electrophoretically-distinct proteins from each 
species. Originally Hiller and Martin (1987) proposed 
a model in which all combinations of four different 
isoelectric forms of the a subunits (a^, a[, a 2 , and 
a 2 ) might be combined with the P subunits to give 
ten possible variants. From a series of detailed studies 
on PE545, PC612 and PC645, MacColl et al. (1998, 
1999a,b) suggest that the heterodimer is unstable in 
dilute solution at low pH and dissociates into aP 
monomers. To our knowledge, the different isoforms 
of the monomers (aj/3, a 2 P, etc) have not yet been 
separated and characterized, and no evidence of 
monomer heterogeneity has been presented. 
Nevertheless, to account for more than three 
heterodimer isoforms, a number of different a subunit 
forms are required and these are undoubtedly present, 
as shown by Southern blotting, genomic sequencing 
and N-terminal protein sequencing (R. G. Hiller, 
M. Broughton, G. Harrison and P. M. Wrench, 
unpublished). We note that the purified PE used to 
grow the crystals that resulted in a high-resolution 
structure also shows evidence of electrophoretic 
variability. However, it is possible that some of the 
variation results from the interaction of the 
chromophores with the reagents used to generate the 
isoelectric focusing gradients. 

a. PE545 

Some of the main features of the X-ray generated 
high-resolution (1 .63 A) structure of PE545 are shown 
in the figures below. A surface view (Fig. 6 and Color 
Plate 10) reveals that two P subunits are on opposite 



Table 2. Bilin types and locations on cryptomonad biliproteins (Glazer and Wedemayer, 1995) 



Biliprotein 


a-Cys-18(19) 


i3-DiCys-50,61 


iS-Cys-82 


i5-Cys-158 


PE545 


Cys-DBV (562) 


DiCys-PEB (550) 


Cys-PEB (550) 


Cys-PEB (550) 


PE555 


Cys-PEB (550) 


DiCys-DBV (562) 


Cys-PEB (550) 


Cys-PEB (550) 


PE566' 


Cys-Bilin 584 (584) 


DiCys-Bilin 584 (584) 


Cys-PEB (550) 


Cys-Bilin 584 (584) 


PE5662 


Cys-Biliii618(618) 


DiCys-Bilin 584 (584) 


Cys-PEB (550) 


Cys-Bilin 584 (584) 


PC569 


Cys-PCB (643) 


DiCys-Bilin 584 (584) 


Cys-PCB (643) 


Cys-Bilin 584 (584) 


PC612 


Cys-PCB (643) 


DiCys-DBV (562) 


Cys-PCB (643) 


Cys-PCB (643) 


PC645 


Cys-MBV (684) 


DiCys-DBV (562) 


Cys-PCB (643) 


Cys-PCB (643) 



DBV, 15,16-dihydrobiliverdin; PEB, phycoerythrobilin, PCB, phycocyanobilin; MBV, mesobiliverdin. The 
numbers in parentheses indicate the long wavelength absorption maxima of solutions of bilin peptides in 10 mM 
trifluoroacetic acid. See Chapter 2 (Scheer) for structures of all these bilins. PE566*’^ refers to strains Bemiani and 
CBD, respectively. The bilins of PC630 have not been characterized. 





Fig. 6. PE545 from Rhodomonas, as ribbon diagram of polypeptide chain (top) and with chromophores dissected out (bottom). A, viewed 
from below; B, viewed from the side, a, chromophore attached to a-subunits (dark ribbon); b, /3-subunit. See Color Plates 10 and 11. 



sides and that they sandwich the a subunits. The 
chromophore arrangements are shown in the bottom 
part of Fig. 6. The positions of the three (3 subunit 
chromophores on the polypeptide chain are identical 
to those in rhodophyte PE, but the different secondary 
structure of the protein results in the two doubly- 
linked j8-50,61 phycoerythrobilin (PEB) chromo- 
phores approaching end-to-end with the pyrrole A 
rings essentially parallel and in van der Waals contact 
(Wilk et al., 1 999). The other chromophores, including 
the 1 5 , 1 6-dihydrobiliverdin (DB V) on the a subunits, 
are spaced at 21-22 A from their nearest neighbor, 
comparable to the 1 9 and 26 A distances observed in 
rhodophyte PE (Chapter 9, Mimuro and Kikuchi). 

Given the similarity of the amino acid sequences 
of rhodophyte and cryptophyte (3 subunits, it is 
interesting to note the structural variations required 
to accommodate the completely different organization 
of the holoprotein. A superposition of the two /? 



subunits onto the rhodophyte /? subunit indicates that 
the cryptophyte subunits mainly differ in the folding 
of the X and Y helices in and under the N-terminus, 
together with a small twist of the GH loop (Wilk et 
al., 1999). The a subunits have a /3 sheet at the N- 
terminus and a short a-helix towards the C-terminus 
(Fig. 6), which packs with helices B and E of a /3 
subunit. Although the a subunit amino acid sequences 
are not related to any other protein in the database, a 
remarkably similar folding of a short linker 
polypeptide to allophycocyanin in the phycobilisome 
has been reported (Reuter et al., 1999; Chapter 9, 
Mimuro and Kikuchi; see also Color Plate 9 of 
Chapter 9). It is uncertain if this indicates a real 
relationship between the a subunits of PE545 and 
the ^ linker protein from Mastigocladus. 

A striking feature of the three dimensional structure 
is the large number of ordered water molecules 
which fill a very polar cleft (^^20 Ax5-10Axl5A) 
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A 



B 



Fig. 7. Structure of PE545 with the ordered water molecules shown in the central cleft. (A) View down the pseudo two-fold axis with the 
slot (solid) formed of ordered water molecules. (B) Orthogonal view with the /3-50,61 chromophores on top, near the center. The slot 
enters from the bottom and is not symmetric about the pseudo two-fold axis running up the page. 



in the center of the protein (Fig. 7). It is tempting to 
suggest that this might be a docking site for a linker 
protein attaching the PE to the thylakoid membrane. 
However as the PE has been isolated from low light 
grown cells, most of the phycobiliproteins could not 
be adjacent to the membrane, but rather, associated 
with other PE molecules. In searching for a linker 
protein, phycobiliproteins extracted from cells grown 
under high light may be a better starting point. 

It is interesting to compare the PE545 structure 
with that envisaged from analysis of the extensive 
spectroscopic data accumulated by MacColl’s group 
over many years (MacColl et al., 1998, 1999a,b), 
combined with the biochemistry of separated aP 
units. The concentration-dependent dissociation of 
the heterodimers into a/3 monomers at pH 4.5 was 
monitored by dynamic light scattering and by size 
exclusion chromatography. At pH 4.5, the absorbance 
of PE545 from Rhodomonas lens was reduced by 
~20% compared to that at pH 6.0, and this was 
accompanied by a somewhat larger decrease of the 
visible CD bands and a blue shift of the fluorescence 
maximum from 584-585 to 58 1 nm. The observation 
of only small changes in the ultraviolet CD indicated 
that the secondary structure was largely unaltered. 

The difference spectrum between the heterodimer 
(pH 6.0) and monomer (pH 4.5) CD had maxima at 
538 (+) and 564 (-) nm, and a shape very similar to 
the heterodimer CD spectrum. A similar difference 



spectrum was obtained after permanganate treatment. 
To account for the negative CD band, which is absent 
in native rhodophyte phycoerythrin (a^jS^y), exciton 
coupling between a pair of closely-spaced chromo- 
phores was proposed to exist across the dimer 
interface, as was indeed observed in the X-ray- 
derived structure. It is worth noting that the pH 6.0- 
minus-pH 4.5 difference CD spectrum is distinctly 
asymmetrical, and that the crystal structure suggests 
that interactions between the j3-50,61 phyco- 
erythrobilin (PEB) chromophores are not the only 
ones broken by separation of the monomers. Each 
a- 19 DBV (15,16-dihydrobiliverdin) appears to be 
coupled with j8-82 and j3-50,61 bilins from the 
opposite P subunit (Fig. 6), and this coupling will 
also be disrupted upon dissociation. 

Since the CD spectrum of the aP monomers was 
significantly stronger than that attributed to the 
intermonomer interactions, MacColl et al. (1998, 
1999b) speculated that there must be another pair of 
bilins (a- 19 DBV and a P PEB) in close proximity 
within the monomer. However, the PEB chromo- 
phores attached to the P polypeptide also show a 
negative CD band in '^1 M urea, pH 4.0 (MacColl et 
al., 1994). Although the structure shows no strongly 
interacting pair of chromophores within a monomer, 
it is possible that the situation in PE545 is similar to 
that in PCP (Section III.B. 1 .a), and weak interactions 
between all the chromophores have to be evaluated 
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to reproduce the CD spectra (Carbonera et al, 1999). 
Unfortunately, no structure-based calculations of the 
CD have been reported. 

There is little published kinetic data available to 
compare with the Forster resonance energy transfer 
times calculated from the structure of PE545 (Wilk 
et al., 1 999). Using 2-photon excitation, fluorescence 
decay times of 2.4, 483 and 2505 ps were reported 
for the PE545 heterodimer. At pH 4.0, where the 
monomer predominates, the lifetimes were 39, 423 
and 2500 ps (MacColl et al., 1998). The 2500 ps 
component was assigned to emission from the lowest- 
energy bilin and the 2.4 ps component to the energy 
migration time among the chromophores. In the 
heterodimer, a fast rate of (0.4 ps)~^ was calculated 
for a single transfer between the pair of jS-50,61 
phycoerythrobilins formed across the monomer- 
monomer interface (Wilk et al., 1999). The next 
fastest pairwise transfer times were between the /3-82 
and /3-50,61 PEB chromophores of one monomer 
and the a- 19 DBV chromophore of the other 
monomer (12-28 ps). The transfer times to the DBV 
chromophore within the a (3 monomers were 
estimated to be considerably slower (> 150 ps for 
/? subunit C, and > 450 ps for P subunit D), although 
high rates of (15-100 ps)~^ were still predicted for 
transfer between isoenergetic PEB chromophores on 
a single /3 subunit. 

The steady state fluorescence polarization reported 
by MacColl et al. (1999b) is essentially zero for 
excitation wavelengths up to 540 nm, but thereafter 
increases rapidly in the region of negative CD to a 
final value of '^0.2 at 600 nm. This change in 
polarization was assigned to a combination of three 
processes: intra- and inter-monomer internal 
conversion between the exciton levels of two sets of 
coupled chromophores and energy transfer from 
DBV to PEB within a monomer. Ultrafast time- 
resolved anisotropy measurements may prove to be a 
profitable avenue of future research. 

As shown in Table 2, the positions of all the 
chromophores have been established, as they can be 
isolated still covalently attached to their tryptic 
peptides. The subtle variation between PE545 and 
PE555, where the novel DBV chromophore is 
attached to the a subunits of PE545, but doubly 
linked at j6-50,6 1 in PE555, is particularly noteworthy. 
In all other cases, it is the a subunit that binds the 
bilin that is lowest (or one of the lowest) in energy in 
10 mM trifluoroacetic acid. Like PE555, the DBV is 
also attached at ^-50,61 in PC612 and PC645, but 



the other /3 subunit chromophores are phyco- 
cyanobilins (PCB) lying at lower energy. The CD 
spectra of these biliproteins are similar to PE545 in 
that they show a strong negative band at long 
wavelengths and both the positive and negative CD 
bands decrease upon disruption of the heterodimer. 
MacColl et al. (1999a) propose that the j8-50,61 
DBV chromophores of PC6 1 2 are not coupled across 
the monomer-monomer interface because a negative 
CD band on the blue side was not observed. The 
three changes in the fluorescence polarization 
spectrum at '^550, 590 and 640 nm were assigned to 
energy transfer from DBy transfer from PCB to a 
coupled pair of PCBs within the monomer and to 
internal conversion between this pair of PCBs, 
respectively (MacColl et al., 1999b). 

2. Lhcc, the Intrisic LHC of Cryptophytes 

The intrinsic LHC isolated by SDS-polyacrylamide 
gel electrophoresis, or by solubilizing the thylakoids 
in digitonin, contains most of the Chi c and has two 
principal polypeptides of 20 and 24 kDa (Ingram and 
Hiller, 1983; Rhiel et al., 1986). Assuming twelve 
Chls per polypeptide, a detailed analysis of the 
pigment composition of Cryptomonas rufescens 
complexes suggests each LHC unit contains ten Chi 
a, two Chi c, four alloxanthins (5% in a cis form) and 
one crocoxanthin (Lichtle et al., 1987). Significantly 
higher Chi c contents (Chi c^lOnX a ratio of 0.59- 
0.71) have been reported for the LHC of Cryptomonas 
maculata by Rhiel et al. (1986), and for Rhodomonas 
sp. (formerly Chroomonas sp.) by Ingram and Hiller 
(1983). 

A PS I-specific LHC in cryptophytes is strongly 
suggested by the work of Bathke et al. ( 1 999). Western 
blotting of five fractions isolated from Rhodomonas 
sp. thylakoids solubilized with 5% ^-dodecyl jS-D- 
maltoside revealed LHC polypeptides of 17, 21 and 
22 kDa that were specific to PS I. The lowermost 
band from the sucrose gradient was identified as a 
PS I-LHCI fraction and it contained a 17 kDa 
polypeptide which cross-reacted with a higher plant 
PS I LHC antibody. Distinguishing features of this 
PS I-containing band were red-shifted absorption 
(68 1 nm) and emission maxima (712 nm), and a low 
Chi c content (a Chi C 2 /Chl a ratio of 0.10 was 
estimated for the LHC component). 

The linear dichroism spectra of a digitonin- 
solubilized LHC preparation of Rhodomonas salina 
was studied at room temperature and at 10 K (Hiller 
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et al, 1992). Stability of the LHC in the poly- 
acrylamide gel used to orient the samples by 
squeezing was excellent, in contrast to the situation 
with FCPs. This was not unexpected, as the dimeric 
or trimeric complex isolated by the cold SDS green 
gel technique is also extremely stable (Ingram and 
Hiller, 1983). The large amount of Chi c in the LHC 
of Rhodomonas salina is particularly noticeable in 
the 10 K absorption spectrum, with clear peaks at 
-^463, 588, and 640 nm. At 10 K, both Chi a and Chi 
c show red-shifted positive LD peaks in the region 

at 676 and 645 nm, respectively. This indicates that 
these transitions lie in the plane of the membrane and 
that a subset of pigments is involved. A weak 
additional peak observed at 659 nm may be the LD 
counterpart of a shoulder seen in the absorption 
spectrum at ~662 nm, the low intensity reflecting an 
alignment at close to the magic angle. The observation 
of complex negative features between 570 and 630 
nm, a region where the Chi a transition will also 
make a contribution, is further evidence of 
heterogeneity and suggests that there is more than 
one form of Chi c. 

Although it is more than 15 years since the 
cryptophyte LHC was isolated, amino acid sequences 
for Guillardia theta (formerly Cryptomonas phi) 
have only recently become available (Deane et al., 
2000) and emphasize the link between cryptophytes 
and red algae (Fig. 3). The 20 and 24 kDa 
polypeptides, which are present in approximately 
equal amounts, are very similar for the first 1 8 1 and 
173 residues, respectively (inserting gaps in the longer 
peptide to maximize the alignment), and the 
difference in size comes from the extended C- 
terminus. As the C-terminus is in the lumen in the 
Kiihlbrandt et al. (1994) model for the LHC, it may 
be that this is involved in positioning of the PE (see 
below). The molecular masses of the derived mature 
proteins are 20,667 (LhcclO), and 21,778 kDa 
(Lhccl3), the latter being not quite in agreement 
with the gel data. Since cryptophyte LHCs form a 
family with many members, it may be that this 
discrepancy will disappear as more genes are 
sequenced. 

3. Interaction of the Phycobiliproteins with 
Lhcc and/or the Photosystems 

Despite early work (Haxo and Fork, 1959) which 
demonstrated that the cryptophyte phycoerythrins 
acted as light-harvesting pigments, only a few studies 
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have investigated the pathways of energy transfer 
from phycobilins in algal cells. Lichtle et al. (1980) 
recorded the low temperature absorption and 
fluorescence spectra of Cryptomonas rufescens cells 
and observed clear PE566 bands in the excitation 
spectra when the emission was monitored at 685 nm, 
but not at 730 nm. They concluded that the 
phycoerythrin transferred its energy preferentially to 
PS II and that the photosystems were connected by 
an intrinsic chlorophyll protein, which could transfer 
energy to either system. However, the presence of 
uncoupled PE566 (indicated by the strong fluores- 
cence at 630 nm) complicates the interpretation of 
the excitation spectra, since a significant fraction of 
the emission at 685 nm will be from PE566. In 
contrast, relatively weak PE566 emission was 
observed upon 560 nm excitation in the studies of 
Bruce et al. (1986), and PE566 makes a clear 
contribution to the 77 K excitation spectra monitored 
at both 688 and 725 nm. 

Lichtle et al. (1987) obtained four bands after 
centrifugation of digitonin-solubilized Cryptomonas 
cells broken in a French press. In addition to the PS I- 
enriched, LHC-enriched, and PE566 bands, a band 
lying below, but continuous with, the PE566 band 
was identified as containing PE566 complexes 
coupled to PS II. In the absence of any comparable 
preparations from other laboratories, this claim is 
worth evaluating. From the polypeptide profile and 
the PS II activity, measured as 2,6-dichloro- 
phenolindophenol (DCIP) reduction, it is clear that 
this fraction is enriched in PS II. It also contains 
some LHC, as the Chi a:Chl c ratio was slightly 
lower than in the whole cells. The 77 K fluorescence 
spectrum is dominated by emission from uncoupled 
PE566, with a maximum at 625 nm. Nevertheless, 
the observation of some Chi a emission at 686 nm 
when 550 nm excitation was used, suggests that 
some PE566 is coupled. The different fractions were 
also examined by negative staining electron 
microscopy and small particles believed to be PE 
were seen close to, or attached to, the thylakoid 
vesicles of the PS Il-enriched fraction. However, PE 
particles were observed in all the fractions and were 
found surrounding vesicles, in chains and in rods, as 
well as occurring as isolated units and so these 
results do not support, or negate, the existence of a 
PE-PS II particle. 

The PS Il-enriched band also contained poly- 
peptides of 77-97 kDa and it was suggested that 
these might be related to the phycobilisome linker 
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ApcE of red algae (Lichtle et al., 1987). However, 
this gene is not present in the plastid genome of the 
cryptophyte Guillardia (Douglas and Penny, 1999). 
It may also be relevant that PsbB (CP47) and PsbC 
(CP43) in Guillardia are well conserved and show 
no features that might indicate a docking site for a 
phycobilin. It seems to us more plausible to have 
association of PE with the LHC (Lichtle et al., 
1992b; Bathke et al., 1999) with a low binding 
constant, rather than a specific interaction of a putative 
PE linker with the core. 

From the data on Cryptomonas rufescens it can be 
calculated that there are about two PE566 molecules 
for each LHC, assuming 12 Chi per polypeptide of 
average molecular mass 22 kDa. It is reasonable to 
assume that there is only one ~60 kDa PE directly 
associated with a LHC and that the second one 
associates with this PE from the other lumenal face. 
This would result in a minimal lumen cross-section 
of 160 A and, as already noted, the lumen cross- 
section may be 300 A, or more, so there could be 
more than two PE per LHC, or the PE could be 
excluded from one of the lumenal faces. 

Hiller et al. (1992) used LD to search for oriented 
forms of PE545 in whole cells of Rhodomonas at 
10 K, but the 520 to 580 nm region was featureless 
under conditions where there was a strong positive 
dichroism from Chi a. Subtracting the contribution 
of the intrinsic LHC from the whole cell LD spectrum 
revealed a small positive component at 570 nm, 
which was attributed to the cryptoviolin chromophore 
of the a subunits. However, if a special linking 
component exists, it could be best looked for by both 
spectroscopy and biochemistry using cells grown at 
high light when the PE content is low. It is also 
reasonable to query whether a linker containing a 
chromophore is necessary at all. The rate constant 
for excitation energy transfer described by Forster 
theory (Chapter 3, Parson and Nagarajan), depends 
upon the distance between the centers of the 
chromophores (R"^), an orientation factor (x^), the 
radiative rate of the donor (k°), and the degree of 
overlap of the donor fluorescence with the absorbance 
of the acceptor. 

PE545 represents the most extreme case with 
respect to the overlap integral between the PE545 
emission at 585 nm and the Qy absorbance of Chi a at 
~670 nm. In this case, transfer to the Chi state of 
Chi a makes a significant contribution, but the overlap 
integral calculated for both Chi a transitions is only 
as large as that for Chi c as the acceptor (MacColl 



and Berns, 1978). However, reducing the distance 
between the chromophores, or increasing the 
orientation factor, can easily compensate for a less 
favorable overlap integral. 

The existence of an intermediate between 
phycobilins and Chi a can, in principle, be confirmed 
by fast kinetic experiments. However, if the lifetime 
of the intermediate is significantly shorter than its 
formation time, the excited state population will be 
too low to detect and the decay of the excited states of 
the phycobilins will be the rate-limiting step. Thus, 
the failure to detect Chi c emission upon excitation 
of PE566 (or the carotenoids) of intact cells of 
Cryptomonas sp. CR-1 at 77K (Mimuro et al., 1998) 
does not necessarily rule out its involvement as an 
energy transfer intermediate. Moreover, the obser- 
vation of fluorescence decay times for PE545 (110 
ps) and PE566 (100 ps) which are faster than for 
PC645 (250 ps) in whole cells at 77 K, despite a 4.3- 
or 2.5-fold decrease in overlap with Chi a, provides 
some support for Chi c functioning as an intermediate 
in the PE-containing species (Bruce et al., 1986). 
Regardless of the pathway, the time-resolved emission 
spectra of these studies indicate a preferential transfer 
of energy from the phycobilins to PS II, followed by 
slow spillover to PS I. 

B. Dinoflageltates 

Photosynthetic dinoflagellates are a somewhat 
heterogeneous group of organisms, which have 
acquired chloroplasts from a variety of sources. In 
some cases these chloroplasts are utilized and then 
discarded, in others they have become true permanent 
chloroplasts, and in yet others the status is uncertain. 
The only light-harvesting systems that will be 
considered here are those containing the highly- 
oxygenated carotenoid peridinin, the characteristic 
and major carotenoid of dinophytes. 

There are usually, but not always, two light- 
harvesting components: the unique water-soluble 
PCP, and an LHC (Lhcd) which, as already noted, is 
a member of the three-helix family of light-harvesting 
proteins. There are reports of species which 
completely lack PCP (Prezelin and Haxo, 1976), but 
small amounts of PCP may become insoluble, 
particularly if the cells are frozen before PCP 
extraction. On the other hand, Prezelin (1976) 
determined that the PCP of Heterocapsa pygmaea 
(formerly Glenodinium sp.) cultivated in low light 
conditions can make a substantial contribution to 
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light-harvesting, binding up to 50% of the peridinin 
and 1 8% of the whole cell Chi a. In other species, the 
amount of peridinin released in the form of water- 
soluble PCP is reported to reach 70-95% of the total 
cellular peridinin content (Meeson et al, 1982; 
Prezelin, 1987). 

As PCP contains the same carotenoid as the LHC, 
its function seems, superficially, to be redundant. It 
requires '^40 amino acids to bind a peridinin in PCP, 
whereas the LHC needs only half that number. It may 
be that there is some limit to which the LHC can be 
laterally added to the photosystems, and adding PCP 
in a third dimension overcomes this restriction and 
permits a larger cross-section around each photo- 
system. 

1. Peridinin-Chlorophyll a-Protein (PCP) 

Since its purification and characterization in 1976 
(Haxo et al., 1976; Prezelin and Haxo, 1976), the 
peridinin-chlorophyll a-protein has been the subject 
of numerous studies at the physiological, molecular 
and structural levels. In contrast to the LHC (Section 
III.B.2), PCP genes encode a single holoprotein and 
are without introns. The mature apoprotein is either 
found in the form of a monomer of 32 kDa, which 
binds eight peridinins and two Chi a, or a dimer of 1 5 
kDa polypeptides, in which each monomer binds 
four peridinins and a Chi a. Spectroscopically the 
two types are very similar (Prezelin and Haxo, 1976; 
Songetal., 1976;Carboneraetal., 1999), as are up to 
thirteen isoforms with different isoelectric points 
(Iglesias-Prieto et al., 1 99 1 ). We note that PCP forms 
from Alexandrium containing ten or twelve peridinins 
per two Chi a have also been reported (Ogata and 
Kodama, 1993). However, the absorption spectra 
presented by Ogata et al. (1994) and Akimoto et al. 
(1996) display a 475 to 669 nm absorbance ratio of 
~3.9, almost identical to that of the main PCP from 
Amphidinium (Sharpies et al., 1996). 

Each organism contains many PCP genes (> 5000 
in Gonyaulax), which are tandemly arranged (Le et 
al., 1997), and the heterogenous nature of the protein 
is clearly indicated by differences in the amino acid 
sequences (Sharpies et al. , 1 996, Hiller et al. , 200 1 a). 
Nevertheless, these sequences, and also those derived 
from quite different species with 32 kDa protein 
forms, show a high degree of identity (Fig. 8). The 
amino acid sequence of the 32 kDa polypeptide 
indicates that it arose by a gene duplication and 
fusion (Norris and Miller, 1 994), since the two halves 
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are '^55% identical and joined by a spacer region 
(underlined in Fig. 8). In addition, the 15 kDa PCP 
polypeptide of Heterocapsa and of a Symbiodinium 
sp. from the sea dULiomonoAnthopleura elegantissima 
also shows a high degree of sequence homology with 
both domains of Amphidinium (Hiller et al., 2001a; 
Weis et al., 2002). 

A second divergent form of PCP eluting from a 
cation-exchange column at much higher salt 
concentrations (designated high salt PCP), was 
isolated by Sharpies et al. (1996). The 34 kDa 
polypeptide of this variant has just a 31% primary 
sequence identity with the abundant PCP forms 
(Hiller et al., 1999), and binds only six peridinins per 
two Chi a. Its role has yet to be determined, but it 
makes up less than 3% of the total PCP in 
Amphidinium. 

The determination of the structure of the main 
form of PCP from Amphidinium carterae at 2.0 A 
resolution by X-ray crystallography (Hofmann et al., 
1 996) has given a particular impetus to spectroscopic 
experiments, and renewed interest in peridinin in its 
own right (Bautista et al., 1999b; Zigmantas et al., 
2001). Structurally, PCP forms a boat-shaped 
monomer with a hydrophobic interior enclosing two 
pigment clusters, each containing four peridinins in 
van der Waals contact (3. 3-3. 8 A) with a Chi a 
(Fig. 9 and Color Plate 12). The centers of the two 
Chi a macrocycles are separated by 17.4 A and the 
fifth ligand for the Mg atom is provided by a water 
molecule linked to a Histidine residue (positions 1 25 
and 289 in Fig. 8). In each pigment cluster the 
peridinins are arranged as two pairs, crossing at 56 ± 
6° at a distance of less than 4 A to each other. 

In the crystal, the PCP monomers form a non- 
crystallographic trimer in the form of a flattened disc 
(Fig. 10). Essentially the same pigment arrangement 
is predicted for Heterocapsa, since the amino acid 
sequences of the protein regions in contact with the 
pigments in iho Amphidinium structure are conserved 
(Hiller et al., 200 1 a). There is no direct evidence as to 
the location of PCP, e.g. from immunogold labeling, 
but the gene sequence predicts a precursor with a 
typical lumen-directing sequence (Norris and Miller, 
1994). It has been suggested that the trimer may be 
the PCP form found in vivo and that the flattened disc 
could make contact with the LHC, allowing efficient 
Forster energy transfer to occur (Hofmann et al., 
1996). Indeed the LHC differs from other chromo- 
phyte LHCs, particularly at the C-terminus, but other 
differences from the LHCII of higher plants, such as 
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by a dot, an arrow marks the start of the mature protein and the spacer region is underlined. The sequences of the mature 32 kDa proteins are -85% identical and Heterocapsa shares 
a 68% identity with the C-terminal domain of Amphidinium. Regions of significant sequence difference in the 15 kDa form are shown in italic face, and stop codons are indicated by 
an asterix. The alignment was produced by the program Pileup with manual alignment of the Heterocapsa and S. muscatinei leader sequences (Hiller et ah, 2001). 
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Fig. 9. Stereo view of the four peridinins and one Chi « in a pigment cluster in PCP. The thin lines show a peridinin pair from the adjacent 
cluster within the monomer. Reprinted from Hoffman et al. ( 1 996). With permission from the American Association for the Advancement 
of Science. 



the number of residues in the loops, are shared with 
the FCPs. 

Direct energy transfer to the inner antenna of PS II 
has also been suggested (Mimuro et al, 1990b). 
However, even though the chloroplast DNA of 
dinoflagellates is very atypical (Zhang et al, 1999), 
PsbB (CP47) and PsbC (CP43) are not, and they 
contain no obvious modification which would suggest 
an interaction with a PCP trimer. The possibility of a 
location close to PS I should also not be discounted, 
as dinoflagellate PsaA and PsaB genes predict a 
product which is very different from that in higher 
plants and green algae, especially in regions outside 
the thylakoid membrane (Barbrook and Howe, 2000; 
Hiller, 2001). In the absence of lateral heterogeneity, 
energy could still be channeled from PCP to PS II, 
even if bound to a PS I component. 

a. Spectroscopy 

The absorption spectra of purified PCP from 
Amphidinium (Fig. 11) and Heterocapsa display a 
Chi a Qy maximum at 670 nm and 673 nm, 
respectively, identical to the 35 and 15 kDa forms of 
Symbiodinium sp. at room temperature (Iglesias- 
Prieto et al., 1 99 1 ). The high salt form of Amphidinium 
has an intermediate absorption maximum at 67 1 nm. 
These differences in the Chi a maxima of the three 
PCP types extend to the Soret region of the absorption 
spectra and also to the emission spectra. In each case, 
the fluorescence maximum is ~3 nm to the red of the 
Qy absorption maximum. 

At low temperature, three distinct bands become 
apparent in the 600-630 nm region. (Prezelin and 
Haxo, 1976; Ogata etal, 1994; Kleimaetal., 2000b). 



Simulations of the absorption spectrum of Amphi- 
dinium, combined with an examination of the CD 
and LD spectra, enabled Kleima et al. (2000b) to 
assign the band at 625 nm to the transition, and 
bands at 604 and 615 nm to vibronic components of 
the Qy transition. They also utilized the LD spectrum 
in a simulation of the Chi a Qy absorption band to 
determine that the two Chi a molecules are not 
identical, but have Qy maxima separated by ~1 nm at 
77 K. Somewhat larger differences of 2. 8-3. 7 nm 
were reported for Symbiodinium sp. at room 
temperature (Iglesias-Prieto et al., 1991), although 
these values were obtained by spectral decomposition 
of the Chi a Qy absorption band utilizing Gaussians 
of very different bandwidth and area. 

The observation of a negative CD band ~3 nm to 
the red of the Qy absorption maximum (Fig. 1 1) has 
also been attributed to Chi a heterogeneity (Ogata et 
al., 1994). However, the difference in CD and 
absorption band shape led Kleima et al. (2000b) to 
suggest that a conservative component, in addition 
to a larger non-conservative spectral component (with 
the same shape as the absorption), is responsible for 
this red shift. Moreover, simulations of the 
conservative component verified that the coupling of 
the Chls within a PCP monomer is very weak (<10 
cm“’). 

The absorption and CD spectra of PCP are 
dominated by contributions from the peridinins 
(Fig. 11). A derivative analysis indicates that the 
absorption maxima of peridinin are red-shifted in 
Heterocapsa (480 and 526 nm) and the high salt 
form of Amphidinium (485 and 527 nm), compared 
to Amphidinium (474 and 513 nm). Originally, the 
strong positive and negative CD bands were 
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Fig. 10. (A) Top and (B) side views of trimeric PCP (Hiller 1999). See Color Plate 12. 



interpreted as being conservative and resulting from 
two non-interacting sets of excitonically-coupled 
peridinin dimers, with all the peridinins arranged at 
right angles to each other around the Chi a (Song et 
ah, 1976). Without taking into account the X-ray- 
derived structure, Pilch and Pawlikowski (1998) 
modeled the CD spectra on the basis of a rectangular 
tetramer of relatively strongly coupled peridinin 
molecules and calculated pairwise interactions of up 
to 2200 cm“^ 

The crystal structure confirms that there are two 
pairs of peridinins within each cluster and, within 
each pair, the peridinins are in van der Waals contact. 
However, they cross at an angle of '^56° and structure- 
based calculations suggest that five smaller ('^100- 
300 cm"*) pairwise interactions between the four 
peridinins within a cluster contribute to the CD. 
Furthermore, to successfully reproduce the general 
features of the Amphidinium and Heterocapsa CD 
spectra in the region of the carotenoid and Soret band 
absorption, all possible interactions between the eight 
peridinins and two chlorophylls in a double cluster 
have to be taken into account (Carbonera et al., 
1999). In particular, the simulations reveal that the 
intercluster interaction energies between the two 
chlorophylls and between most of the peridinins in 
one cluster and the pigments of the opposite cluster 
are significant and necessary to obtain satisfactory 
agreement in the Soret band region. Further 




Wavelength (nm) 



Fig. 11. Absorption (black) and CD (gray) spectra of the PCP 
(solid line) and LHC (dashed line) of Amphidinium carterae. The 
spectra were normalized relative to the Chi a Qy band intensity 
for a PCP absorption maximum of 1 . 

improvements to the fit were realized by allowing the 
0-0 energies (543, 485, 518 and 535 nm) and dipole 
strengths of the four peridinins in a cluster to vary. 
We note that the CD spectrum of the high salt form of 
PCP shows a markedly reduced positive CD band in 
the 420^30 nm region, but is otherwise rather similar 
in appearance (Sharpies et al., 1996). 
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Fluorescence excitation spectra indicate that the 
peridinins transfer energy to Chi a with a high 
efficiency (>85%), which may be wavelength 
dependent (Akimoto et al., 1996). Time-resolved 
spectroscopic measurements with sufficient time 
resolution were first reported by Bautista et al. 
(1999a). A single exponential rise time of 3.2 ps was 
obtained in the Chi a bleaching region at 670 nm, 
after selectively exciting the peridinins in Amphi- 
dinium PCP at 530 nm. A peridinin-to-Chl a energy 
transfer efficiency of 76% from the Sj state, with a 
(4.2 ps)“^ rate, can be determined from this rise time 
and the S j lifetime reported for peridinin in methanol 
(13.4 ps). However, the Sj lifetime of peridinin is 
remarkably solvent dependent (Bautista et al., 1 999b; 
Zigmantas et al., 2001), and the calculated energy 
transfer efficiency will rise to 91% if the intrinsic Sj 
lifetime in the protein environment in the absence of 
energy transfer is similar to that in benzyl alcohol 
(35 ps). 

From a global and target analysis of the transient 
absorption spectra recorded between ~450 to 700 
nm, foeuger et al. (2001) suggest that '^25-50% of 
the energy transferred to Chi a proceeds directly 
from the S 2 state of peridinin. Additional energy 
transfer from the Sj state (2.0 ps lifetime), as well as 
a minor amount (~3%) from the intramolecular charge 
transfer state of peridinin, and a 10-18% subpop- 
ulation of ‘disconnected’ peridinins were other 
pathways suggested by their analysis. However, 
fluorescence upconversion measurements rule out 
the possibility of significant energy transfer from the 
S 2 state. The S 2 lifetime of peridinin dissolved in 
ethanol or benzyl alcohol is exceptionally short (43 ± 
3 fs) and, within experimental error, it is the same in 
PCP (A.N. Macpherson, unpublished). In PCP, 
Zigmantas et al. (2002) monitored the decay of the 
stimulated emission from the intramolecular charge 
transfer (ICT) state at 930 nm and observed matching 
rise kinetics in the Chi a bleaching region at 670 nm 
with 2.5 ps (major) and 0.7 ps (minor) components. 
They propose that energy transfer from the 
intramolecular charge transfer state is an important 
pathway and that this state is populated directly from 
the S 2 state. If energy transfer does not occur from 
this ICT state, its function may be regulatory; 
harmlessly converting excess energy to heat (Bautista 
etal., 1999). 

The high-resolution structure has been used to 
model the energy transfer between the calculated 
electronic states of all the chromophores within one 
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pigment cluster of a PCP monomer (Damjanovic et 
al., 2000). The semi-empirical calculations suggest 
that the peridinins are excitonically coupled and that 
energy transfer from the allowed S 2 state is much too 
slow to compete with internal conversion to the 
peridinin Sj state. The calculations therefore predict 
that energy is transferred solely from the Sj state of 
peridinin to Chi a, although the transfer rates 
determined for a Coulombic coupling mechanism 
were considerably larger than those derived from the 
experimental lifetimes. In this case, transfer to both 
the and states of Chi a is feasible on spectral 

overlap grounds. However, the calculated Sj-Q^ 
couplings were small and it was concluded that the 
Sj-Qy pathway will be dominant. 

Damjanovic et al. (2000) also suggested that 
peridinin 612 (Per2, Fig. 9), which is poorly oriented 
with respect to the Chi a Qy transition, very rapidly 
transfers its energy to other peridinins (mainly Perl) 
at the S 2 level and plays little, if any, direct role in 
transfer to Chi a. The time-resolved anisotropy 
measurements made by Kreuger et al. (2001) do not 
exclude the possibility of a limited amount of energy 
transfer between the S 2 states of the peridinins. 
However, another explanation of the depolarization 
(to an anisotropy of 0.29) upon Sj formation is a 
change in the orientation of the Sj transition dipole. 

The high-resolution structure has also been used 
to model the rate of energy transfer between the Chls 
of the trimer, assuming a Forster mechanism (Kleima 
et al., 2000a). From time-resolved fluorescence 
anisotropy measurements, two very different 
depolarization times were resolved. The shorter 
anisotropy decay component (6.8 ps) was assigned 
to the equilibration time between the Chls within a 
monomer and the 350 ps lifetime to inter-momomer 
equilibration. The experimental results were used to 
model the energy transfer times between isoenergetic 
Chls and, for Chls in adjacent monomers, time 
constants ranging from 0.66-12.1 ns (Table 3) were 
predicted. Not only are the distances quite large, but 
the Qy transitions are rather poorly oriented with 
respect to those in the neighboring monomer (Fig. 
12 ). 

These calculations have important implications 
for the operation of PCP as a light harvesting protein 
in vivo. It had been speculated that the energy would 
be equilibrated among the Chls of the trimer (Hoffman 
et al., 1996) in a manner analogous to the bacterial 
LHC (Chapter 5, Robert, Cogdell and van Grondelle). 
However, the relatively slow inter-monomer rates 
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Table 3. The calculated time constants (r) for Forster energy 
transfer between the chlorophylls of two PCP monomers. (Kleima 
et ah, 2000a) 



Chi Pair 


r(A) 


/c2 


T 


1,2 


17.35 


0.292 


14.6 ps 


1,3 


54.88 


1.822 


2.34 ns 


1,4 


40.53 


1.055 


0.66 ns 


2,3 


55.37 


0.373 


12.1 ns 


2,4 


43.65 


0.380 


2.84 ns 



The numbering and distances (R) are indicated in Fig. 12. The 
orientation factor (k^) was determined for a Qy transition dipole 
moment rotated 4.5° from the y-axis. 



indicate this is unlikely, as the onward flow of energy 
from PCP towards the reaction centers is probably 
significantly faster (Section III.B.3). For this process 
to be efficient, each PCP monomer must be located 
adjacent to an acceptor protein, such as an LHC, 
which is plausible if the in vivo state of both is 
trimeric. Some preliminary calculations indicate that 
this requires the Chi a in adjacent proteins to be 
separated by no more than 40-50 A (Kleima et ah, 
2000a) assuming a favorable orientation of transition 
dipoles. 




Fig. 12. Chi a organization in a PCP trimer. Chi a 1 and 2 belong 
to one monomer, as do 3 and 4, and the arrows indicate the 
transition dipole moments. The center-to-center distances between 
the Chls are listed in Table 3 (Kleima et al., 2000a). 



carotenoid-Chl energy transfer. 



b. Reconstitution 

A functional PCP can be reconstituted from 
heterologously-expressed apoprotein mixed with 
pigments extracted from native PCP The conditions 
are a simple mixing at 4 °C of pigments dissolved in 
ethanol with apoprotein in Tris or Tricine buffers to 
give a final ethanol concentration of 15%. After 
purification on an anion exchange column, the 
excitation spectrum for Chi a emission is almost 
identical to that of native PCP, as are the absorbance 
and circular dichroism spectra. Expression constructs 
of the N-terminal domain alone of monomeric PCP 
could also be reconstituted and they presumably 
form dimers, since the spectroscopic properties are 
similar to those of dimeric PCP from Heterocapsa. 
Preliminary studies show that Chi a can be replaced 
by Chi b or Chi d, but not by Bchl. Peridinin cannot 
be replaced by fucoxanthin or siphonaxanthin, 
possibly because their head groups will project well 
into the contact region between the N- and C-terminal 
domains (Hiller et al., 2001b). The manipulation of 
PCP via this reconstitution system in conjunction 
with the many spectroscopic techniques noted above 
should considerably increase our understanding of 



2. Lhcd (iPCP), the Intrinsic LHC of 
Dinoflagellates 

The intrinsic LHC, isolated from thylakoids 
solubilized in digitonin or glycosidic detergents as a 
brown band upon sucrose gradient centrifugation, 
has been investigated by a number of groups (Hiller 
et al., 1993; Iglesias-Prieto et al., 1993; Jovine et al., 
1995). This LHC has a principal polypeptide of ~19 
kDa and, for the digitonin solubilized Amphidinium 
complex, a pigment composition of 7 Chi a, 4 Chi 
1 2 peridinins and two diadinoxanthins. The peridinin 
content of the Amphidinium and Heterocapsa LHC 
solubilized with glycosidic detergents is somewhat 
lower (Table 4). Nevertheless, it is remarkable that 
the carotenoid content in the LHC exceeds that of 
Chi a on a molar basis for all the algae. The relatively 
high levels of Chi are also notable. In clear blue 
oceanic waters, the amount of light harvested by 
Chi is calculated to be up to 30% of the total 
absorbed light, at least in species of dinoflagellates 
where PCP is absent (Johnsen et al., 1994). 

Both peridinin and Chi C 2 appear to transfer energy 
efficiently to Chi a in these preparations and 
fluorescence is observed at ~676 nm. This energy 
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Table 4. Composition of dinofiagellate LHCs 



Organism 


Fraction of Chi a 
in the thylakoids 


Chic/ 

Ch\a 


peridinin/ 
Chi a 


diadinoxanthin/ 


Amphidinium 


-12% 


0.60 


1.4 


0.3 


Symbiodinium 


45% 


1.0 


2.0 


present 


Heterocapsa LL 


- 


0.62 


1.1 


0.3 


Heterocapsa HL 


- 


0.60 


0.9 


0.6 



transfer is easily disrupted by heating or treating the 
LHC with SDS, as fluorescenee is observed from 
Chi c at '^643 nm and the excitation spectrum of the 
Chi a emission indicates that the peridinin is 
disconnected (Hiller et ah, 1993; Iglesias-Prieto et 
al, 1993). Similarly, LHC preparations obtained by 
solubilizing the thylakoids with SDS or Deriphat 
160-C, the detergents originally used to isolate 
complexes prior to 1993 (Prezelin, 1987; Knoetzel 
and Rensing, 1990), show the same behavior (Jovine 
etal, 1995). 

The 77 K absorption and fluorescence excitation 
spectra of Amphidinium show peaks at 634 and 649 
nm, which were attributed to two forms of Chi C 2 . 
Peaks at similar positions were also observed in the 
10 K LD spectrum of thylakoids (Hiller et al., 1993), 
and at 635 and 647 nm in the 77 K fluorescence 
excitation spectrum of Alexandrium tamarense 
{fovmQvly Protogonyaulax tamarensis) cells (Mimuro 
etal., 1990b). In common with the D/c(yo^a,Pav/ov<3 
and Pleurochloris LHC, the CD spectrum of the 
Amphidinium LHC has a red-shifted (-) Chi a 
band (Fig. 1 1). This band has the same intensity and 
peak position (673 nm) as the PCP of Amphidinium, 
but a larger bandwidth. A feature which appears to be 
unique to the Amphidinium LHC, is a broad band 
with positive dichroism at 550 nm. This may be 
associated with the red-shifted peridinin forms 
absorbing at 542 nm. 

The amino acid sequence(s) are known for the 
Amphidium protein and indicate that, while there is a 
fairly high identity with the Lhcfs at the N-terminus, 
the C-terminus is very different (Hiller et al., 1995). 
In the tree shown in Fig. 3, the dinoflagellate LHC is 
quite close to the FCPs (Lhcf), but depending on the 
analysis, and perhaps on the sequence used for the 
comparison, it has also been positioned at the base of 
the chromophyte lineage close to the anomalous 
Lhcf of Isochrysis (Caron et al., 1996). A three-helix 
model based on the LHCII structure of Kiihlbrandt et 
al. ( 1 994) has been presented, and five conserved Chi 



a binding sites were identified (Hiller, 1999). 

3. Interactions Between the Systems 

Given the dual nature of the light-harvesting 
machinery of dinoflagellates it is of considerable 
interest to understand how PCP interacts with the 
intrinsic LHC. Since both complexes contain so 
much peridinin it is not possible to selectively excite 
only one of the complexes in whole cells. There 
appears to be just one time-resolved study of the 
emission from chlorophylls in whole cells following 
predominantly excitation of peridinin. Mimuro et al. 
(1990b) QxcitQd Alexandrium tamarense cells at 77 
K with 6 ps pulses at 540 nm and observed 
fluorescence peaks appearing in the order F649- 
F670-F683-F698/709/724-F689. The prompt 
appearance of the 649 nm component was attributed 
to direct excitation of Chi c, which decayed with a 
major lifetime of ~40 ps. The 670 nm component had 
a rise time of ^^18 ps and a decay component of 
'^55 ps, matching the rise ofF683 (assigned to CP43). 
The subsequent formation of the F698/709/724 and 
F689 components was attributed to spillover from 
PS II to PS I and to excitation of CP47, respectively. 

It should be noted that the fluorescence emission 
maximum of the isolated LHC of Alexandrium is not 
known, and neither is the distribution of peridinin 
between the PCP and LHC complexes. It is tempting 
to ascribe the 670 nm emission to PCP (672 nm for 
Alexandrium cohorticula at 77 K, Ogata et al., 1 994), 
and that at 683 nm to the LHC (68 1-683 nm at 77 K, 
Hiller et al., 1993; Iglesias-Prieto et al., 1993). 
However, if the ~55 ps formation time of F683 
reflects energy transfer from the PCP to LHC, the 
absorption of the 540 nm pulses by peridinin in PCP 
would have to greatly exceed that in the LHC, 
otherwise a much faster intra-LHC peridinin-to-Chl a 
rise component should be present. Studies of 
Amphidinium and Heterocapsa grown at low light 
indicate that approximately equal amounts of 
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peridinin are found in both complexes (R. G. Hiller 
and F. R Sharpies, unpublished), and in Symbiodinium 
grown at lOx higher light levels, PCP contains at 
most 15% of the peridinin (Iglesias-Prieto et al., 
1993). There is a pressing need for some fast kinetic 
studies on whole cells, thylakoids and isolated LHC 
to accurately resolve the energy transfer kinetics 
from both peridinin and Chi c. 

Since the amount of PCP is so variable, both by 
species and environmental conditions, it is worth 
reviewing what is known at the molecular level. 
Following an early indication (Roman et al., 1988) 
that levels of PCP may be light regulated at the 
transcriptional level, ten Lohuis and Miller (1998) 
investigated the levels of transcripts of LHC and 
PCP in relation to light intensity and degree of 
cytosine methylation. Under the highest light growth 
conditions (HL: 100 ^mol m”^ s~^), the transcript 
levels were relatively low, but after transfer to 
‘moderate’ light (ML: 20 /rmol m~^ s“^), the PCP and 
LHC transcripts increased 34- and 6-fold, respectively. 
When the light was decreased further (LL: < 2 jumol 
mr^ s“^), the levels of PCP transcript increased to 87x 
the HL, but that of the LHC declined. The LHC is 
synthesized as a polyprotein and the message was 
found to be 6. 1 kb, with two very minor species at 2.7 
and 1.5 kb (Hiller et al., 1995). The '^6.0 and ~3.0 kb 
messages were found for cells grown in LL and ML, 
but only the ~3.0 kb species was present in cells 
grown under HL (ten Lohuis et al, 1998). It is not 
known whether these differences result from the 
expression of separate LHC genes at LL intensity, or 
whether there is some form of differential mRNA 
splicing. A partial LHC genomic sequence suggests 
that the latter is a definite possibility, as there are 
introns at conserved positions towards the C-terminus 
of each LHC unit, including the first one adjacent to 
the putative transit peptide. It was postulated that all 
LHC messages would include the first LHC unit and 
as many as nine subsequent LHC units would be 
attached to this one (Hiller et al., 1999). It may be 
relevant that the heterogeneous Edman-determined 
amino acid sequence has the highest degree of identity 
with the first unit, rather than that at the polyA tail, 
although in the absence of full-length sequences of 
the gene from either cDNA or genomic DNA, this 
result must be interpreted cautiously. 

Some data are available (Iglesias-Prieto and Trench, 
1997) for the distribution of Chi a between PCP, 
LHC and Photosystems I and II in three different 
Symbiodinium sp. cultured in saturating light (HL: 



250 ^mol s"^), versus low light (LL: 40 ^mol 
m“^ s“^). For cells grown in LL, the LHC contained 
60-70% of the fractionated Chi a and PCP only 
5-7%. The total Chi a per cell was significantly 
lower in all three species grown under HL, with ~2 
and '^3 -fold reductions in the LHC and PCP, 
respectively. The changes in total Chi a associated 
with PS I correlated with the P700 content and it was 
also suggested that the size of the antenna surrounding 
the PS I core increased in low light. 

Symbiodinium microadriaticum, as cultured by 
the Santa Barbara group, contains both monomeric 
and dimeric PCP (Iglesias-Prieto et al., 1991). 
Separation of the different isoforms indicates that 
the acidic forms are comprised solely of dimeric 
PCP. The relative amounts of monomeric and dimeric 
PCP depend upon the growth conditions, and a four- 
fold increase in the dimeric form (-64% of the PCP) 
was calculated for LL cells (Iglesias-Prieto and 
Trench, 1997). Stochaj and Grossman (1997) studied 
the proteins of the Symbiodinium sp. from the 
Aiptasia pallida grown in culture under LL 
and compared them to those produced in hospite. 
The cultured cells (from an identical algal strain) 
produced exclusively the monomeric 35 kDa form of 
PCP, whereas the dimeric 14 kDa form predominated 
in cells extracted from the host anemone. In addition, 
both the intensity and chromaticity of the light effect 
changes in the relative abundance of the different 
isoelectric forms of Heterocapsa, with acidic isoforms 
becoming more prevalent in low blue light (Jovine et 
al., 1 992). The mechanisms and implications of these 
differences in PCP expression remain to be 
determined. 



IV. Concluding Remarks 

A wish list of all the data we would like to have on a 
light-harvesting protein would include many items 
relating structure and kinetics, as well as a knowledge 
of the roles played by the many different gene 
products. We would hope to integrate this reductionist 
viewpoint with the rest of photosynthesis. For PCP 
and cryptophyte phycobilins this is now a distinct 
possibility, but for the LHCs containing Chi c, 
progress is very slow and a high-resolution structure 
may be a long way off (the LHCII of higher plants is 
still below the resolution required to be of maximum 
use). 

Although we are not aware of any pigment- 
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reconstitution studies of heterologously-expressed 
Chi a/c-binding proteins, such as those reported for 
the LHCII of higher plants (Chapter 7, van 
Amerongen and Dekker), the reconstitution of a red 
algal LHC with Chi c, together with Chi a and either 
fucoxanthin or peridinin, has been reported 
(Grabowski et al, 200 1 ; Chapter 10, Gantt, Grabowski 
and Cunningham). A pigment stoichiometry of 7 Chi 
a\ 1 Chi c\ 8 fucoxanthin: 2 diadinoxanthin per mole 
of expressed polypeptide was determined and the 
absorption spectrum closely resembles that of a native 
FCR However, the fluorescence excitation spectra 
suggest that not all the carotenoids transfer their 
energy to Chi a. Nevertheless, these results further 
underline the potential of this type of approach to 
understanding energy transfer in the Chi c-containing 
LHCs. The application of two dimensional electro- 
phoresis combined with mass spectrometry has also 
not been reported for any LHC. 

It is ten years since the first sequences for the 
Chi c-containing LHCs were determined and there 
are now more than fifty available from a wide range 
of algae. We need no new sequences unless they fill 
in gaps in the LHC families of organisms already 
extensively studied. What we do need is a concerted 
attack on all fronts, spectroscopic, structural and 
environmental, on the LHCs of perhaps one or two 
organisms from the chromophyte and dinophyte 
groups. These could become the spinach of the algal 
light-harvesting world! 
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Summary 

Biogenesis of chloroplast thylakoid membranes involves the synthesis of proteins, lipids, and pigments and 
their assembly into an elaborate membrane system containing four different supramolecular photosynthetic 
complexes. In addition, because these biogenetic processes begin during early stages of plastid development, 
where plastids contain little internal membrane, thylakoid membrane formation also entails substantial 
membrane flow from the envelope. Most thylakoid proteins are encoded in the nucleus and synthesized in the 
cytosol — the remainder are encoded and synthesized in the plastid. Nuclear-encoded thylakoid proteins are 
imported into the plastid by a translocation apparatus that evolved after endosymbiosis, and the imported 
proteins are routed into thylakoids by translocation systems that evolved in prokaryotes prior to endosymbiosis. 
Four different translocation pathways have been described for thylakoids. The Sec pathway transports proteins 
in an unfolded conformation to the lumen; the ApH-dependent/Tat pathway transports folded proteins to the 
lumen; the spontaneous pathway integrates one class of membrane proteins; the cpSRP pathway appears 



*Email: kcline@ufl.edu 



Beverley R. Green and William W. Parson (eds): Light-Harvesting Antennas, pp. 353-372. 
© 2003 Kluwer Academic Publishers. 




354 



Kenneth Cline 



dedicated to targeting and assembly of multispanning LHC proteins. Assembly of LHC proteins represents an 
interesting situation. A novel component of the cpSRP system has been employed to specifically adapt the SRP 
system to posttranslational integration. In addition, LHC proteins require chlorophyll for their integration and 
stability. Thus the site(s) of chlorophyll synthesis likely determine the exact site of LHC integration. Although 
the thylakoid membrane is the site of translocation/integration in immature and mature chloroplasts, evidence 
increasingly points to the inner envelope membrane as the site of insertion during very early plastid 
developmental stages, and envelope invagination combined with vesicular traffic as the vehicle for relocating 
lipids and proteins to the plastid interior. In such a scenario, the translocons and chlorophyll biosynthetic 
enzymes should be located in the envelope in developing proplastids. Recent cloning of the genes for these 
proteins should soon allow a test of this hypothetical mechanism. 



I. Introduction 

Biogenesis of photosynthetic membranes in plant 
and algal chloroplasts is possibly the most complex 
membrane assembly process in the eukaryotic cell. 
The components of the four different supramolecular 
complexes participating in the light reactions are 
synthesized in two different compartments in the 
cell. Current estimates place the number of thylakoid 
proteins participating in photosynthesis at 75 to 100. 
In higher plants, 33 of these are encoded and 
synthesized in the plastid (Herrmann, 1999; Race et 
al., 1999; Peltier et al., 2000). The remainder are 
encoded in the nucleus and synthesized in the cytosol. 
In addition to the proteins directly involved in 
photosynthesis, a variety of other thylakoid proteins 
play a role in biogenesis and homeostasis of the 
membranes and these are also encoded in the nucleus 
(Settles and Martienssen, 1998; Dalbey and 
Robinson, 1 999; Keegstra and Cline, 1 999). Nuclear- 
encoded proteins encounter and pass several 
membrane and soluble compartments en-route to 
their thylakoid destination. This is different from the 
majority of other membrane-targeted proteins, which 
cross or integrate into only one membrane during 
their entire lifetime. Thus, nuclear-encoded thylakoid 
proteins encounter several molecular machines for 
transmembrane translocation and also chaperone or 
pilot molecules to ferry them across aqueous 
compartments. Upon arriving at their destination, 
the polypeptides must be met by their plastid-encoded 
partners to assemble functional complexes (Wollman 



Abbreviations: Chi - chlorophyll; cpSRP - chloroplast signal 
recognition particle; ER - endoplasmic reticulum; GGPP - 
geranylgeranyl pyrophosphate; LHC - light harvesting 
chlorophyll-binding protein; LTD - lumen-targeting domain; 
POR - protochlorophyllide oxidoreductase; SRP - signal 
recognition particle; STD - stromal targeting domain; Tat - twin 
arginine translocation 



et al., 1999; Choquet and Vallon, 2000). 

Not only is exquisite choreography required to 
combine nuclear-encoded and plastid encoded 
subunits in exact stoichiometry, but many proteins 
are also ligated to prosthetic groups. Chlorophyll, 
carotenoids, metal ions and other co-factors must 
enter the assembly process at some point. In some 
cases, co-factor acquisition can be uncoupled from 
localization processes (Howe and Merchant, 1994). 
However, in others such as with chlorophyll binding 
proteins, integration into the membrane is strictly 
coupled to pigment assembly (see below). 

One additional complexity in higher plant 
chloroplasts is that assembly occurs over a wide 
range of developmental stages, ranging from early 
differentiation of the proplastid, where internal 
membranes are virtually absent and both proteins 
and bilayer accumulate simultaneously, to fully 
developed chloroplasts, where the assembly processes 
are required primarily for maintenance. The result is 
that biogenesis mechanisms must operate under varied 
organelle architectures and at strikingly different 
rates (Mullet, 1988; Dahlin and Cline 1991; Fig. 1). 
Indeed, an important challenge is to describe the 
mechanisms that assemble internal membranes in 
situations where little or no internal membrane pre- 
exists. 



II. Methodologies for Higher Plant 
Chloroplasts 

Several experimental techniques have been employed 
to study the biogenesis of thylakoid proteins, each 
with its own strengths and weaknesses. Much of the 
information presented in this chapter derives from 
reconstituted in vitro assays with intact plant 
chloroplasts, isolated thylakoids, stromal extract, 
and purified components. Detailed methods for the 
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-'1 uM 
-10 per cell 




mature chloroplast 
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Fig. 1. The pathway for development of chloroplasts from proplastids. All plastids have a double membrane envelope that encloses an 
aqueous stroma. When seeds are germinated in the dark, plastids develop into etioplasts, which contain internal membranes consisting 
of prolamellar bodies and prothylakoids. Upon illumination, etioplasts develop rapidly into chloroplasts with a highly elaborated 
thylakoid membrane. When seedlings develop normally in the light, proplastids proceed directly to chloroplasts without the intermediate 
etioplast stage. During periods of rapid membrane synthesis, invaginations of the inner envelope membrane as well as stromally localized 
vesicles can be seen (not shown). 



basic assays can be found at http://www.hos.ufl.edu/ 
clineweb/. In vitro assays permit experimental 
conditions to be controlled more precisely and 
generally are more conducive to determining 
mechanisms involved in the process. One frequent 
criticism of in vitro assays is that is that they employ 
radiotracer amounts of precursor proteins and that 
low levels of import and transport are obtained (Cline 
et al., 1985; Hoober and Eggink, 1999). However, 
since the early 1990s, chemical quantities of 
precursors have been produced by over-expression 
in bacteria, allowing import and localization to be 
measured under optimal substrate concentrations. 
Such assays showed that isolated chloroplasts are 
capable of in vivo rates of import and assembly. 
Pfisterer et al. ( 1 982) estimated that each chloroplast 
in a rapidly developing monocot leaf imports ~ 1 5,000 
total proteins per minute and assembles -3000 LHC 
proteins per minute. In vitro import rates of- 40,000 
proteins per minute per chloroplast and LHC in 
organello assembly rates of 10,000 proteins per min 
have been achieved (Cline et al., 1993). The limited 
number of analyses conducted with bacterially 



expressed precursors has yielded essentially the same 
results as those obtained with radiotracer levels of 
precursors (Cline et al., 1993: Yuan et al., 1993). On 
the other hand, a valid criticism of in vitro studies is 
that they are conducted with partly developed 
chloroplasts rather than developing proplastids, and 
may not represent the precise situation that occurs in 
the very early stages of thylakoid formation. 

Genetic studies have played an important role in 
component discovery, in querying the pathways and 
the components involved in vivo, and in dissecting 
regulatory mechanisms (Smith and Kohorn, 1994; 
Voelker and Barkan, 1995; Settles et al. 1997; 
Sundberg et al., 1997; Voelker et al., 1997; Jarvis et 
al., 1998; Amin et al., 1999; Klimyuk et al., 1999; 
Walker et al., 1999; Bauer et al., 2000; Motohashi et 
al., 2001). Interrogation of intact organisms, either 
those containing transgenes encoding modified 
precursors (Lawrence and Kindle, 1997; Kindle, 
1998; Rensink et al. 1998), or under specialized 
conditions to enhance early developmental events 
(Hoober and Eggink, 1999) has also been employed. 
The focus of this chapter will be restricted to protein 
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transport and assembly in higher plant chloroplasts 
and will emphasize those processes as they apply to 
the antenna proteins. 

III. Overview of Localization Processes 

A. Targeting Elements 

Nuclear-encoded thylakoid proteins are synthesized 
in the cytosol as precursor proteins and localized by 
post-translational import into the plastid (Fig. 2; 
Cline and Henry, 1996; Schnell 1998; Keegstra and 
Cline, 1999). Precursors possess amino-terminal 
plastid targeting peptides called transit peptides that 
direct proteins to and into the plastid. Plastid targeting 
peptides (also called stroma targeting domains or 
STDs) share compositional features, but lack 
sequence consensus. Several web-based programs 
are relatively good at identifying functional plastid- 
targeting transit peptides (ChloroP http:// 
www.cbs.dtu.dk/services/ChloroP/, Target P http:// 
www.cbs.dtu.dk/services/TargetP/). Precursors to 
thylakoid proteins contain additional targeting 
information that determines their ultimate location 
in the thylakoid membrane system. Proteins destined 
for the thylakoid lumen and some integral thylakoid 
proteins have bipartite transit peptides in which the 
carboxyl proximal domain is a thylakoid targeting 
signal sequence (referred to as a lumen targeting 
domain or LTD). These sequences are removed 
concomitant with or shortly after thylakoid 
localization. Cleaved LTDs resemble bacterial signal 
peptides with a charged amino terminus, hydrophobic 
core region, and hydrophilic cleavage region (Cline 
and Henry, 1996) and are accurately predicted with 
the program SignalP http://www.cbs.dtu.dk/services/ 
SignalP/. 

The maj ority of integral membrane proteins possess 
targeting sequences present in the mature proteins 
sequence. These targeting sequences appear to 
comprise the hydrophobic transmembrane domains 
of the proteins. However, definitively ascribing 
targeting function to such sequences is very difficult 
because of their essential nature in anchoring the 
protein in the bilayer. Recently, a novel class of 
targeting element for antenna proteins was described 
that enables imported proteins to interact post- 
translationally with a unique form of the signal 
recognition particle (SRP) (see below). Plastid- 
encoded thylakoid proteins consist primarily of 



integral membrane proteins or extrinsic proteins 
associated with the stromal face of the thylakoids 
(Race et al, 1999). By and large, these proteins are 
made without cleavable targeting sequences and for 
most; the targeting elements have not been identified. 
Exceptions are cytochrome / and probably PsbK, 
which contain amino-terminal signal peptides. 

B. Overall Pathway From Cytosol To Thylakoids 

In vitro analysis played a major role in defining the 
pathways taken by thylakoid precursor proteins to 
their functional locations. Thylakoid proteins are 
assembled in isolated chloroplasts by a two-step 
mechanism in which the precursors are first imported 
into the stroma and are then transported across or 
integrated into the thylakoid membrane. A large 
body of evidence supports this model, including the 
kinetics of stromal intermediate appearance during 
import into chloroplasts (Reed et al., 1990; Cline et 
al., 1992a), accumulation of stromal intermediates 
in import assays when thylakoid transport is 
specifically inhibited (Cline etal., 1989, 1992b, 1993), 
progression of intermediates into thylakoids upon 
inhibitor removal (Cline et al., 1993; Creighton et al., 

1995) , and reconstitution of intermediate precursor 
transport into isolated thylakoids (Cline and Henry, 

1996) . A study of the assembly pathway of 
plastocyanin in intact Chlamydomonas cells provides 
in vivo support for such a two-step pathway (Howe 
and Merchant, 1993), as does analysis of plants with 
mutations in thylakoid translocation machinery 
(Voelkerand Barkan, 1995). 

C. Evolutionary Origins of Translocation 
Machineries 

Studies during the past decade support a model for 
thylakoid protein assembly that has been termed 
‘conservative sorting’ (Hartl et al., 1986). The genes 
for thylakoid proteins were originally present in the 
genome of the prokaryotic endosymbiont, an 
organism similar to a cyanobacterium, and the 
proteins were assembled into and across the 
membranes by prokaryotic systems called protein 
‘export’ mechanisms (Schatz and Dobberstein, 1 996). 
Most of those genes were relocated to the host nuclear 
genome during the course of evolution and were 
successfully deleted from the organelle genome upon 
acquisition of a plastid targeting mechanism. Such a 
mechanism imports the nuclear encoded proteins 
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Fig. 2. Working model for localization of thylakoid proteins. Precursor proteins are imported across the envelope into the stroma by the 
general import machinery that consists of the Translocon in the Outer Chloroplast envelope (Toe) and the Translocon in the Inner 
Chloroplast envelope (Tic). The chloroplast-targeting domain of the transit peptide (open rectangles) is removed by the stromal 
processing protease. Lumen-targeting domains (striped rectangles) and transmembrane domains (slashed rectangles) direct thylakoid 
translocation of intermediate precursors in by one of four different mechanisms. The chloroplast Sec pathway employs chloroplast 
orthologs of the bacterial Sec A ATPase and SecY/ SecE translocon. The chloroplast SRP pathway, which integrates the LHC protein 
family into the membrane, shares some characteristics with the ER and bacterial SRP pathway. Orthologous components are the 
chloroplast SRP54 protein and the chloroplast FtsY protein. The only known membrane component of this system is an ortholog of the 
mitochondrial Oxalp, which facilitates insertion of mitochondrial inner membrane proteins but is not coupled to SRP. The cpSRP43 
protein is a novel component that confers post-translational capabilities on cpSRP54. The ApH-dependent pathway is orthologous to the 
bacterial Tat pathway and employs three membrane proteins whose function is not currently known. Membrane proteins with short lumen 
domains integrate into the membrane by an apparently spontaneous mechanism that is driven by hydrophobic interactions between 
transmembrane domains and the bilayer. Details on the operation of these systems are presented in the text. A listing of their known 
substrates is given in Table 1. 



into the plastid matrix or stroma (Race et al., 1999). 
Imported proteins then enter pathways conserved 
from the prokaryotic endosymbiont. The general 
protein import apparatus in the plastid envelope, 
which delivers proteins to the stroma, contains several 
novel protein components and thus fits the model of 
a translocation machine that evolved post-endo- 
symbiosis (Chen and Schnell, 1999; May and Soil, 
1999). The identified thylakoid targeting and 



translocation systems are all homologous to 
prokaryotic protein export systems (Settles and 
Martienssen, 1998; Dalbey and Robinson, 1999; 
Keegstra and Cline 1999). Recent studies indicate 
that at least some plastid-encoded proteins also 
employ conserved mechanisms for their thylakoid 
integration (Voelker and Barkan, 1995, Nilsson et 
al., 1999; Zhang et al., 2001). As will be seen below, 
in vitro as well as in vivo investigations support this 
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model. Figure 2 shows a working model for the 
localization of nuclear-encoded thylakoid proteins. 

D. Four Thylakoid Translocation/Integration 
Systems 

Four precursor-specific thylakoid targeting pathways 
have been identified (Fig. 2). One pathway appears to 
employ an unassisted mechanism for insertion of 
proteins into the membrane and is currently referred 
to as the ‘spontaneous’ pathway. The other three 
pathways have distinctive energy requirements and 
translocation machinery; two are named based on 
homology to bacterial export systems (Sec and SRP) 
and one based on the unique energy requirement of a 
trans-thylakoid pH gradient (ApH-dependent 
pathway). With the exception of cpSRP43, com- 
ponents of the thylakoid translocation machinery are 
homologous to bacterial proteins involved in protein 
export (Settles and Marteinssen, 1998; Dalbey and 
Robinson, 1999, Keegstra and Cline, 1999). 
Surprisingly, components of two of the pathways, 
Oxa 1 p and Hcf 1 06, were first described for organelle 
transport. As will be discussed below, each pathway 
appears to address a specific translocation require- 
ment of its substrates. Even the limited list of 
substrates shown in Table 1 demonstrates that 
assembly of each supramolecular complex requires 
participation of more than one pathway. 

E. Genetic and Biochemical Identification of 
Pathways and Components Are Consistent 

Genetic and biochemical approaches have played 
complementary roles in identifying components and 
assigning them to pathways. For example, cpSecA, 
cpSecY, and cpSecE were identified by biochemical 
homology-based approaches and were tested in vitro 
for function (Nakai et al., 1994; Yuan et al., 1994; 
Morietal., 1999, Shuenemannetal., 1999). Similarly, 
thal (cpSecA) mutant maize plants accumulated 
lower levels of the same group of substrate proteins 
as those shown to require Sec components in vitro 
(Voelker and Barkan, 1995) as well as the plastid- 
encoded cytochrome /, which was later confirmed as 
a cpSecA-dependent substrate by biochemical 
experiments (Noharaetal., 1996; Mould etal., 1997). 

Hcf 1 06 was identified by mutant analysis (Voelker 
and Barkan, 1995, Settles et al., 1997). Tha4 was 
simultaneously identified by genetic (Walker et al., 
1999) and biochemical (Mori etal., 1999) approaches. 



Accumulation of substrates of the ApH-dependent 
pathway was specifically reduced in hcfl 06 and tha4 
mutant plants. Isolation of Hcfl 06 led to the 
identification of homologous bacterial systems (called 
Tat for twin arginine translocation) that employ 
Hcfl 06 homologues (Mori and Cline, 2001). 
Orthologs of Hcfl 06, Tha4, and a third component 
called TatC are encoded on the same operon in E. 
coli, and are frequently linked in other bacteria. 
Genetic experiments showed that the E. coU TatC 
gene is essential for Tat pathway transport (see Mori 
and Cline, 2001 for review). A chloroplast TatC 
ortholog (cpTatC) was identified by homology-based 
cloning and shown to be a thylakoid protein with 
antibodies raised to a cpTatC peptide (Mori et al., 
2001). Antibodies to Hcfl 06, Tha4, or cpTatC 
specifically reduced transport of ApH-dependent 
pathway substrates (Mori et al. , 1 999, 200 1 ). Recently, 
Arabidopsis mutants of the cpTatC gene were shown 
to be defective in thylakoid biogenesis (Motohashi et 
al.,2001). 

cpSRP54 was identified by biochemical experi- 
ments as a component of a stromal complex with the 
Lhcb 1 stromal intermediate and also as being essential 
for Lhcbl integration into isolated thylakoids (Li et 
al., 1995). A cpSRP54 null mutant called ffc showed 
significant delay in greening of the first leaves, 
reduced accumulation of at least six members of the 
LHC family, and reduced accumulation of the plastid- 
encoded D1 protein (Amin et al., 1999). cpSRP43 
was simultaneously identified by biochemical 
(Shuenemann et al. 1998) and genetic approaches 
(Klimyuk et al., 1 999). In vitro, cpSRP43 is essential 
for integration of Lhcb 1 . The cpSRP43 mutant, called 
chaos, is viable but mildly chlorotic and exhibits 
reduced accumulation of the same LHC family 
members as the cpSRP54 mutant, but is not deficient 
in D1 or other photosystem core components (Amin 
et al., 1999; Klimyuk et al., 1999). The chloroplast 
Oxa Ip homologue (cpOxalp) was first identified 
genetically as a chlorotic mutant {albino 3) deficient 
in thylakoids (Sundberg et al., 1997) and then 
Implicated in Lhcb 1 integration by antibody inhibition 
studies (Moore et al., 2000). cpFtsY was cloned by 
homology to the bacterial FtsYprotein and placed on 
the pathway by biochemical experiments (Kogata et 
al., 1999; Tu etal., 1999). 

One significant difference between in vitro and 
genetic experiments concerns the severity of the 
defects when a component is disabled or absent. For 
example, in vitro transport of Sec-dependent 
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substrates OE33 and plastocyanin in the absence of 
cpSecA or in the presence of antibodies to cpSecY is 
severely reduced (Nakai et ah, 1994; Yuan et al, 

1 994, Mori et al, 1 999). In contrast, the accumulation 
of plastocyanin and OE33, while reduced in thal 
plants, was still significant, generally about 20-30% 
of wild type (Voelker et al, 1 995). Whereas antibodies 
severely reduce the transport of ApH-dependent 
pathway substrates (Mori et al., 1999, 2001), those 
same substrates accumulated in low but significant 
amounts in hcfl 06 and tha4 mutant plants (Voelker 
and Barkan, 1994; Walker et al., 1999). Voelker and 
Barkan (1995) employed pulse labeling and 
immunoprecipitation to obtain a more realistic 
assessment of transport impairment in these mutants. 
In thal mutants little if any pulse-labeled Sec- 
dependent precursor proteins were processed to 
mature size; rather they accumulated as intermediates. 
A similar result was obtained with pulse-labeled 
substrates OE23 and OE17 in the hcfl 06 mutant 
plants. Chloroplasts isolated from hcfl06 plants are 
completely defective in ApH-dependent pathway 
transport (Settles et al., 1997; Summer et al., 2000). 
Thus, one explanation for the apparent discrepancy 
is that in vivo a reduced rate of turnover compensates 
for a low rate of transport, thereby allowing significant 
accumulation. Among the possible reasons for 
reduced turnover is that a thylakoid protease fails to 
localize properly in the mutant. 

The individual cpSRP mutants show the mildest 
apparent impairment of a pathway — affected LHC 
protein accumulation appeared to be ~30-50% of 
wild type (Amin et al., 1 999). However, the ffc/chaos 
double mutant was recently shown to be more severely 
deficient in LHC proteins (with the exception of 
Lhcb4), thereby verifying that cpSRP is the major in 
vivo pathway for LHCs (Hutin et al., 2002). One 
possible reason for the apparent leakiness of the 
single mutants is that other components can substitute 
for missing components in vivo, e.g. an hsp70 protein 
or some other chaperone. 

Although mutations in certain components have 
mild to moderate effects on the accumulation of 
pathway substrates, mutations in some membrane- 
localized components are so severe that little can be 
determined regarding specific pathway utilization. 
Null cpSecY mutants produce very little internal 
membrane and have reduced amounts of virtually all 
of the thylakoid proteins (Roy and Barkan, 1998). 
Similarly, albino 3 mutant plants (Sundberg et al., 
1997) and cpTatC mutant plants (Motohashi et al.. 
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2001) were chlorotic and produced little internal 
membrane. Such severe phenotypes are likely 
pleiotropic in nature, reflecting the fact that loss of 
certain subunits of photosynthetic complexes 
destabilize the entire complex. Given the severity of 
such mutations, interpretations based on the 
accumulation of thylakoid proteins are suspect and 
biochemical data must be used solely for information 
on pathway utilization. In the case of albino 3, 
disruption of an algal orthologous gene was much 
more informative. Disruption of the Chlamydomonas 
Alb3(cpOxalp) resulted in selective reduction of 
Lhc proteins to only 5 to 1 0% of wild type (Bellafiore 
et al, 2002). Whether the difference reflects a greater 
role for cpOxalp in plants than in algae remains to be 
determined. Nevertheless, the results with Chlamy- 
domonas provide confirmation that this component 
plays an important role in Lhc protein integration/ 
assembly. 

IV. Different Mechanisms Address Different 
Transiocation Problems 

The multiplicity of different translocation systems 
appears to reflect distinctive translocation problems 
presented by each subset of precursor proteins. The 
two maj or types of translocation process are transport 
of large hydrophilic domains into the lumen and 
insertion of membrane domains into the bilayer. 
There are two systems that primarily transport 
lumenal proteins. Sec and the ApH-dependent/Tat. 
There are two systems that integrate membrane 
proteins, the spontaneous and the SRP systems. The 
SRP pathway appears to function posttranslationally 
for the LHC family of proteins that span the membrane 
three times and require pigment for insertion. These 
systems have recently been reviewed (Eichacker and 
Henry, 2001; Mori and Cline, 2001; Schleiff and 
Kloesgen, 2001) and the reader should consult these 
reviews for a more in-depth discussion. 

A. Sec Pathway 

The limited number of studies on the Sec pathway 
indicate that it operates similarly to the well- 
characterized bacterial Sec pathway (Keegstra and 
Cline, 1 999). In the bacterial system, proteins bind to 
SecA at the membrane and are threaded across the 
bilayer by the reciprocating action of the translocation 
motor SecA, which inserts and de-inserts as a func- 
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Table 1. Translocation pathway utilization by thylakoid proteins 



Complex 


protein 


pathway 


method 


location 


PS II 


OE33 (PsbO) 


See 


B',G2 


lumen 




OE23 (PsbP) 


ApH 


B,G 


lumen 




OE17 (PsbQ) 


ApH 


B,G 


lumen 




PsbT 


ApH 


B 


lumen 




PsbW 


Spontaneous 


B 


membrane 




PsbX 


Spontaneous 


B 


membrane 




PsbY 


Spontaneous 


B 


membrane 




PsbS 


Spontaneous 


B,G 


membrane 




D1 (PsbA) 


cpSRP54/cpSecY 


B, G 


membrane 


Cyt b/f 


cyt/ 


Sec 


B,G 


membrane/lumen 




Rieske 


ApH/Sec? 


B 


membrane 


PS I 


PsaN 


ApH 


B 


lumen 




PsaK 


Spontaneous 


B 


membrane 




PsaF 


Sec 


B 


membrane 


Antenna 


Lhcbl 


cpSRP 


B,G 


membrane 




Lhcb2 


cpSRP 


B*\G 


membrane 




Lhcb3 


cpSR 


G 


membrane 




Lhcb5 


cpSRP 


B,G 


membrane 




Lchb6 


cpSRP 


G 


membrane 




Lhcal 


cpSRP 


B,G 


membrane 




Lhca2 


CpSRP 


B*,G 


membrane 




Lhca3 


cpSRP 


G, B* 


membrane 




Lhca4 


cpSRP 


G 


membrane 


ATP synthase 


CFO II 


Spontaneous 




membrane 


Other 


Hcfl36 


ApH 


B 


lumen 




P16 


ApH 


B 


lumen 




Pftf 


ApH 


B 


membrane 




ELIP 


Spontaneous 


B 


membrane 



' B, biochemical evidence, ^ G, genetic evidence. Biochemical data on PsbW, X, Y, S, and Lhcb5 can be 
found in Woolhead et al. (2001), on PsaK in Mant et al. (2001), on Hcfl36 in Hynds et al. (2000), and on 
P16 in Mant et al. (1999). Genetic data on the LHC proteins can be found in Amin et al. (1999) and Hutin 
et al. (2002). ^ B* is biochemical data from transit complex formation with in vitro translation products (K. 
Cline, unpublished). Other biochemical and genetic evidence is discussed in the text or in Keegstra and 
Cline (1999). Roles of PS II proteins and LHCs are discussed in more detail in Chapter 7 (Dekker and 
Amerongen), and PS I proteins and LHCs in Chapter 8 (Fromme et al.). 



tion of its ATP binding and hydrolysis cycle 
(Economou, 1 999). The proteins cross the membrane 
through a translocation channel made up in part by 
the SecYEG protein complex. Importantly, the 
proteins cross the membrane in an unfolded 
conformation in both the bacterial and thylakoid Sec 
systems. Bacterial and thylakoid Sec systems 
transport soluble lumenal proteins as well as integrate 
membrane proteins (Table 1). In bacteria, SecA 
appears to function primarily in translocation of 
larger hydrophilic regions that flank signal peptides 



or hydrophobic signal-anchors on the carboxyl 
proximal side (Dalbey and Kuhn, 2000). In this way, 
Sec systems can both transport soluble proteins and 
integrate membrane proteins. The limited number of 
known substrates verifies this dual capability for the 
thylakoid Sec system. Recent proteomic analyses 
suggest that the lumen contains many tens and 
possibly even hundreds of proteins of which -^50% 
are predicted to be targeted by the Sec system (Peltier 
et al., 2000, 2002; Schubert et al., 2002). Thus it is 
likely that the primary role of the Sec system will be 
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to transport lumenal proteins. Because the Sec system 
transports proteins in an unfolded conformation, it is 
important that Sec substrates be readily unfolded. In 
this regard, the OE33 protein, a Sec substrate, is 
reported to be a naturally unfolded protein (Lydakis- 
Simantiris et al., 1999). In addition. Sec pathway 
substrates that function with co-factors must assemble 
with their prosthetic groups in the lumen rather than 
the stroma. Examples of such Sec substrates are 
plastocyanin and cytochrome / (Merchant and 
Dreyfuss, 1998). 

B. ApH-Dependent/Tat Pathway 

Much less is known regarding the operation of the 
ApH-dependent and homologous bacterial Tat 
systems, but it is clear that these systems complement 
Sec in capabilities. Their distinctive features are a 
consensus RR (Arg-Arg) motif in their signal 
peptides, the sole use of the pH gradient for 
translocation energy (in thylakoids) and their ability 
to transport folded proteins (see Mori and Cline, 
2001 for review). The ApH-dependent system has 
been directly shown to transport folded polypeptides 
with diameters of '^2-3 nm (Clark and Theg, 1997; 
Hynds et al., 1998). Documented substrates of the 
thylakoid system range in size from 3,600 D to 
36,000 D, and the presence of a twin arginine in its 
signal peptide suggests that polyphenoloxidase ( -^60 
kD) is also translocated by the ApH-dependent system. 
The conformation of authentic substrates during 
transport has not been established, although indirect 
evidence suggests that iOE23 and iOE17 are tightly 
folded when presented to the transport machinery 
(Creighton, 1995, Musser and Theg, 2000). If these 
substrates are all folded prior to transport, a putative 
channel would have to expand to ^^5 nm. Most of the 
substrates of the bacterial Tat system are cofactor- 
binding proteins that are assembled with their 
prosthetic groups in the cytoplasm. These proteins 
have a range of sizes but are estimated to present the 
translocation system with diameters up to 7 nm, 
which is larger than the thickness of the bilayer 
(Berks et al., 2000). At present, the Rieske protein is 
the only co-factor binding protein shown to use the 
ApH-dependent system (Molik et al., 200 1 ). However, 
an ascorbate peroxidase as well as polyphenyloxidase 
are predicted to be ApH-dependent system substrates 
based on the presence of twin arginines in their 
LTDs. 

The manner by which these systems translocate 
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folded proteins and at the same time maintain the 
membrane in an ion-tight state (Teter and Theg, 
1 998) is an intriguing puzzle. Recent work in our lab 
indicates that in thylakoids, assembly of the translocon 
is a regulated process that occurs in several steps 
(Cline and Mori, 2001). Precursors bind to an ^700 
kD receptor complex of cpTatC and Hcf 1 06 in a twin 
arginine-dependent reaction. Upon imposition of the 
pH gradient, Tha4 is recruited and appears to join 
with the precursor-receptor complex (Mori and Cline, 
2002). Following translocation, the components 
dissociate. The structure of the active translocon is 
not known with any certainty. However, imaging of 
an overexpressed TatA/B complex (Sargent et al., 
2001) and unpublished data (K. Cline) suggests a 
channel. One attractive possibility is that multiples 
ofTha4 and/ or Hcfl 06 assemble around a core cpTatC 
to form a dynamic flexible channel that expands or 
contracts to fit the transported substrate. Quantitative 
immunoblotting shows that cpTatC is present in 
thylakoids at about 18,000 copies per chloroplast, 
similar to the estimated number of ApH-dependent 
pathway translocation sites (Asai et al., 1999), 
whereas Hcfl 06 and Tha4 are present at five- to ten- 
fold the number of translocation sites (Mori et al., 
2001). The stoichiometry is consistent with a dynamic 
channel model. In addition, this model would allow 
for integration of membrane proteins because trans- 
membrane domains could partition into the bilayer 
between monomeric channel components. The ApH- 
dependent pathway integrates the membrane protein 
Pftf, a bitopic homologue of the FtsH protease 
(Summer et al., 2000). 

The tentative conclusion here is that the ApH- 
dependent pathway serves to translocate proteins 
that either must remain folded during translocation 
or that when folded in the stroma, are sufficiently 
stable that unfolding by the Sec pathway is inefficient. 
Consistent with this view is the observation that 
substrates of the ApH-dependent pathway are 
inefficiently transported in vitro by the Sec pathway, 
even when equipped with an efficient Sec signal 
peptide (Clausmeyeretal., 1993; Henry etal., 1997). 

C. cpSRP Pathway 

Current data indicates that the posttranslational 
cpSRP system is dedicated to the integration of the 
multispanning membrane proteins that comprise the 
LHC antenna family. In vitro studies have described 
in some detail the operation of certain parts of the 
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cpSRP system for the integration of Lhcbl. The 
precursor protein is imported into the stroma and 
processed to mature size by the stromal processing 
protease. Concurrently, Lhcbl binds to two 
components of the cpSRP, thereby forming a transit 
complex (Li et al, 1995; Shuenemann et al., 1998). 
Transit complex formation occurs with intact 
chloroplasts and can also be reconstituted simply by 
combining stromal extract or purified cpSRP with 
LHCP translation products (Payan and Cline, 1991; 
Groves et al., 2001). This posttranslational action of 
cpSRP is a novel capability not possessed by other 
SRPs, which are strictly co-translational (Cline and 
Henry, 1996). Similar to other SRP54s, the cpSRP54 
protein binds to hydrophobic peptides, in this case 
the third transmembrane domain of Lhcbl (High et 
al., 1997). cpSRP43 binds a conserved 18 amino 
acid peptide of Lhcbl (LI 8) that is located between 
its second and third transmembrane domains (Delille 
et al., 1999, Tu et al., 2000). If the L18 sequence is 
absent, cpSRP54 binds only weakly and transiently 
to hydrophobic segments, unless they are presented 
as nascent chains. Thus, the posttranslational action 
of cpSRP can be ascribed to the participation of 
cpSRP43 and the LI 8 peptide. This is a novel 
adaptation to the eukaryotic situation, wherein a 
nuclear-encoded thylakoid protein of necessity must 
interact with translocation machinery post-trans- 
lationally. 

The events subsequent to formation of the transit 
complex are less clear. GTP hydrolysis and a 
chloroplast homologue of FtsY (cpFtsY) are required 
for integration (Kogata et al., 1999; Tu et al., 1999). 
FtsY is a bacterial GTPase that interacts with the 
bacterial SRP and regulates its GTPase activity. FtsY 
is homologous to the SRa subunit of the receptor for 
ER SRP (Dalbey and Kuhn, 2000). In the ER system, 
binding of nascent precursor chains to SRP, interaction 
of the SRP-nascent chain complex with SRa, and 
delivery of the ribosome-nascent chain complex to 
the Sec6 1 translocon is considered to be the targeting 
phase of protein transport across the ER. Similarly, 
FtsY is thought to participate in targeting bacterial 
precursors to the translocon, currently thought to 
consist of SecYEG, and for certain proteins also 
SecA and YidC, an Oxalp homologue (Dalbey and 
Kuhn, 2000). Both the bacterial and the chloroplast 
FtsY proteins have been reported to partition between 
soluble and membrane-bound states (Kogata et al., 
1999; Tue et al., 1999). In E. coli, membrane 



association is required for FtsY function, an indication 
that its site of action is on the membrane (Zelazny et 
al., 1997). By analogy with the ER and bacterial 
systems, cpSRP and FtsY may serve to target LHC 
proteins to a specific location on the membrane, 
possibly a specific translocon. 

A chloroplast Oxalp homologue (Alb3 or 
cpOxalp) is the only known component of the cpSRP 
translocon (Moore et al., 2000). Oxalp is a 
mitochondrial inner membrane protein that partici- 
pates in the insertion of integral inner membrane 
proteins from the matrix side (Hell et al., 1997). 
Oxalp is capable of facilitating both N-tail insertion 
and C-tail insertion. As such, it is ideal for the 
integration of multispanning membrane proteins. 
Experiments in bacteria indicate that YidC (an Oxal 
homologue) functions in concert with the SecY/E 
translocon (Dalbey and Kuhn, 2000). Antibody 
inhibition experiments with thylakoids suggest that 
cpSecY does not play a role in the integration of 
LHC proteins (Mori et al., 1999). This mode of 
operation of Oxalp occurs in yeast mitochondria, 
which lack a Sec homologous system. Nevertheless, 
this must be further examined. For example, a second 
SecY protein is predicted from the Ambidopsis 
genomic sequence (accession #AC007071), is 
represented by an expressed sequence tag (EST), 
and is predicted to be chloroplast localized. The 
second SecY is quite diverged from the protein 
called cpSecY and would not be recognized by the 
antibodies produced to cpSecY. One thing is clear 
from several lines of evidence: cpSecA does not 
participate in LHC integration (Keegstra and Cline, 
1999). 

Exactly how many of the LHC family members 
employ cpSRP and FtsY is not known with certainty. 
Assignments are more reliable when both biochemical 
data and genetic data are available. As mentioned, 
conclusive biochemical data is only available for 
Lhcbl and partial biochemical data is available for 
another five family members. Genetic data is now 
available for most family members (Hutin et al., 
2002) (Table 1). In the case of Lhcb4 (CP29), it 
appears to disagree with the biochemical data, which 
shows a cpOxalp requirement for Lhcb4 (Woolhead 
et al., 2001). The tentative conclusion is that most 
closely related LHC members require the cpSRP 
system for integration into the membrane, whereas 
the more distant family members, FLIP and PsbS, do 
not. Rather, these latter two proteins appear to be 
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Fig. 3. Alignment of the LI 8 region of the LHC family of apoproteins from Arabidopsis thaliana. Best matches were determined by 
clustal alignment between LI 8 and the region between the predicted second and third transmembrane domains of the respective LHC 
proteins. The pictured alignment was done by ClustalW and Boxshade. The accession numbers for Lhcal-5 are S25435, AAD28767, 
AAA18206, AAA32760, and AF134121, respectively. The accession numbers for Lhcb 1-6 are CAA27540, AAD28771, AAD28773, 
AAD28775, AF134129, and AF134130, respectively. 



integrated by the spontaneous mechanism (Kruse 
andKloppstech, 1992; Kim etal., 1999; Woolheadet 
ah, 2001). This conclusion is consistent with the 
presence or absence of L18>homologous sequences. 
Nuclear-encoded proteins lacking an LI 8 sequence 
are not likely to be substrates for cpSRP. All of the 
Lhca and Lhcb members in Arabidopsis contain 
sequences homologous to the pea Lhcbl LI 8 with 
identities ranging from 50-83% (Fig. 3). PsbS and 
ELIPs lack LI 8 sequences, consistent with bio- 
chemical and genetic studies. 

At present, little is known regarding the use of 
cpSRP components for insertion of plastid-encoded 
proteins. A study in which a homologous chloroplast 
translation system was used to produce nascent chains 
of the D1 polypeptide detected an interaction with 
cpSRP54 (Nilsson et al., 1999). As the D1 protein is 
cotranslationally inserted into the thylakoids, D1 
should not require cpSRP43. Of interest is that a 
second population of cpSRP54 is associated with 
plastid ribosomes and with thylakoidal-associated 
ribosome nascent chain complexes, and this cpSRP54 
is not associated with cpSRP43 (Schuenemann et al., 
1998). A recent analysis of D1 integration found 
cpSecY in close contact with D1 translation 
intermediates (Zhang et al., 2001). The potential 
implication of these findings, that cpSRP54 lacking 
cpSRP43, docks with the Sec translocon, is intriguing 
but requires further study. Nevertheless, it suggests 
that as with the situation in bacteria, translocation 
systems have the capacity to operate in different 
combinatorial modes, i.e. cpSRP54 can operate with 
cpOxalp under certain circumstances and with 
cpSecY under others. Also, as cpSecA has not been 



detected in association with D1 nascent chains, it 
suggests that cpSecY can function as a channel 
without employing cpSecA as a motor. 

D. The Spontaneous Pathway 

The spontaneous pathway is usually employed by 
membrane proteins that possess pairs of hydrophobic 
helices (where one can be a signal peptide) with 
short lumenal domains (see Schleiff and Kloesgen, 
2001 for review). Single transmembrane domain 
proteins with short transferred hydrophilic domains 
can frequently also insert into the bilayer without 
assistance of translocation machinery. Insertion into 
the membrane appears to be driven by hydrophobic 
interactions that are sufficient to compensate for the 
energy debt required to move a hydrophilic segment 
across the bilayer. Several of the thylakoid proteins 
that insert into thylakoids without any apparent 
assistance fit that model. However, the need for 
translocation machinery (cpSRP and cpOxalp) for 
LHC insertion and the apparent spontaneous insertion 
of PsbS and BLIP is not readily understandable. One 
early idea regarding the SRP requirement was that 
cpSRP binding was essential to maintain solubility 
of hydrophobic membrane proteins in the stroma 
(Payan and Cline, 1991). However, BLIP and PsbS 
are as hydrophobic or more hydrophobic than the 
LHCs, based on GRAVY analysis (Kyte and Doolittle, 
1982). Thus cpSRP utilization must relate to some 
other property of the substrates. One potential role of 
cpSRP is to target LHC apoproteins to the sites of 
chlorophyll ligation, considering that chlorophyll b 
is essential for LHC insertion (see below). 
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V.The In Vivo Site of Thyiakoid Protein 
Transport and insertion 

In vitro data for transport and insertion of nuclear- 
encoded thyiakoid proteins definitively show that the 
thyiakoid membrane is the site of translocation in 
isolated chloroplasts. Evidence for this conclusion 
comes from efficient reconstituted assays with 
purified thylakoids but not envelope membranes 
(Cline, 1986), the use of ATP synthase inhibitors 
tentoxin and venturicidin to alter energy sources for 
transport (Cline, 1992, Yuan and Cline, 1994), 
subfractionation data showing that cpSecY, cpTatC, 
and cpOxalp are exclusively located in the thyiakoid 
membrane (K.Cline, unpublished), and the demon- 
stration that translocated proteins assemble with pre- 
existing photosynthetic complexes (Cline 1988; 
Kuttkat et ah, 1995; Hashimoto et ah, 1997). On the 
other hand, the site of translocation in vivo has not 
been thoroughly examined. 

Several observations suggest that in the early stages 
of plastid development, the envelope may be the site 
of thyiakoid protein integration and transport. One 
comes from studies of Chlamydomonas cells that are 
induced to produce thyiakoid proteins rapidly by 
preinduction of mRNAs at 38 °C, followed by light 
induction of thyiakoid formation (Hoober et al., 
1991; Hoober and Eggink, 1999). Under these 
conditions, the colorless plastids are primed for rapid 
production of photosynthetic membranes. The earliest 
photosynthetic membranes produced after the shift 
to light appeared to emanate from the chloroplast 
envelope. Correlation of spectrophotometric 
properties and morphologic characteristics argue that 
LHC and functional photosystems are produced in 
the envelope prior to the appearance of any internal 
membranes. Although this experimental setup is 
arguably non-physiological, it does show that 
thyiakoid protein assembly can occur in the envelope. 
In this scenario, thyiakoid proteins would be inserted 
into the envelope and proceed to the plastid interior 
via inner envelope invaginations and/or membrane 
vesicles. 

The notion that the envelope is the initial site of 
thyiakoid protein transport and integration has been 
proposed several times and deserves serious 
consideration for a variety of reasons. The first is the 
fact that proplastids are virtually devoid of internal 
membranes and that membranes are not known to 
form de novo. Second, the envelope is the site of 
synthesis of most of the polar lipids of the thylakoids. 



yet soluble lipid carrier proteins have not been 
detected (Joyard et al., 1998). Membrane vesicles 
have been consistently seen in the stroma of 
developing plastids as have infoldings (or invagin- 
ations) of the inner envelope membrane (Carde et al., 
1982). Such vesicles can be induced in chloroplasts 
in vivo by low temperature (Morre et al., 1991), a 
condition known to arrest membrane trafficking 
through the endomembrane system. More recent 
studies have suggested that a vesicle transport system 
employs traditional components of endomembrane 
vesicle trafficking (Kim et al., 2001) as well as a 
novel protein call VIPP 1 that is required for thyiakoid 
accumulation and has a dual localization in envelope 
and thylakoids (Kroll et al., 2001). Thus it appears 
that a system capable of transferring membrane from 
envelope to thylakoids is in place. 

At present, the composition of the vesicles is 
unknown. Although they might consist entirely of 
lipid bilayer, it is more likely that they carry newly 
inserted thyiakoid proteins. A model that would allow 
for conservation of translocation mechanism and 
would be consistent with the in vivo results with 
Chlamydomonas, and the in vitro results with partially 
developed chloroplasts would be for translocon 
components, e.g. cpTatC, cpSecY, cpOxalp, to be 
initially inserted in the envelope regardless of 
developmental stage. During early chloroplast 
development, the insertion site of new thyiakoid 
proteins would be solely in the inner envelope. As 
translocons are relocated via vesicles to thylakoids, 
the major site of insertion would shift to the 
thylakoids. Clearly an important test of this hypothesis 
will be to determine the site of integration of 
translocon proteins and to determine their membrane 
location during plastid development. As antibodies 
are now available for all known translocon 
components, this should be feasible. 



VI. Chlorophyll Synthesis And The Insertion 
Of Antenna Proteins 

A. Regulation of LHC Gene Expression by the 
Chlorophyll Synthetic Pathway 

Chlorophyll (Chi) synthesis and availability play 
several significant roles in the biogenesis of antenna 
proteins. The Chi biosynthetic pathway regulates the 
expression of LHC genes. Although a number of 
factors, most prominently light, are necessary for 
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LHC gene expression, chloroplast development has 
a controlling influence on expression (Surpin and 
Chory, 1997). Specifically, if biogenesis of thylakoids 
is arrested or disrupted LHC genes are repressed, as 
if the plants were dark grown. A number of different 
approaches have implicated chlorophyll precursors 
as signaling factors for LHC expression. For example, 
treatment with inhibitors that induce accumulation 
of Mg-protoporphyrin IX or Mg-protoporphyrin IX 
dimethyl ester inhibit LHC expression in the light, 
implicating the Mg ligation step in nuclear signaling 
(Johanningmeier and Howell, 1984). Recent cloning 
of the gun5 mutant reinforces that interpretation. 
Gun (genomes uncoupled) mutants express LHC 
genes in photobleached plants. Gun5 encodes the H 
subunit of Mg chelatase (Mochizuki et al., 2001). 
However, signaling appears to be more complex than 
accumulation of the Mg ligated intermediates because 
mutants of the I subunit of Mg chelatase, which also 
accumulate intermediates, behave as wild-type. While 
future studies will unravel the intricacies of plastid 
signaling factors, it is now clear that flow through the 
chlorophyll biosynthetic pathway serves as a 
regulatory point for controlling expression of LHC 
genes. 

B. Chlorophyll Requirement for Antenna 
Stability and Integration 

Such tight regulation of LHC synthesis reflects the 
fact that Chi availability is required for accumulation 
of Chi binding proteins in chloroplast membranes 
(see Paulsen, 1997 forreview). For example, in a null 
Arabidopsis mutant of the chlorophyll(ide) a 
oxygenase gene that completely lacks Chi b, all of 
the Lhcb proteins fail to accumulate (Espineda et al., 
1 999). This and earlier studies (Apel and Kloppstech, 
1980; Bennett, 1981) led to the conclusion that in the 
absence of Chi, LHC proteins are unstable to proteases 
and degraded. Several labs have reported the 
characterization of thylakoid proteases capable of 
degrading Lhcb proteins (Hoober and Hughes, 1 992; 
Lindahl et al., 1995; Tziveleka and Argyroudi- 
Akoyunoglou 1998). Even in vitro, imported LHC 
that is prevented from inserting into the bilayer is 
subject to significant degradation (K. Cline, 
unpublished). Mutant LHCs are degraded even more 
rapidly (Cline et al., 1989; Kohorn and Tobin, 1989; 
Reid et al., 1990) 

Recent studies indicate that Chi is required for 
insertion of antenna proteins. Prior work had 



established that etioplast membranes are incapable 
of integrating LHC proteins and that some greening 
is necessary before they became competent (Chitnis 
et al., 1987). Kuttkat et al. (1997) directly asked 
whether chlorophyll is required for Lhcbl insertion 
with etioplast inner membranes. They showed that 
when etioplast membranes were allowed to synthesize 
the Chi analogs Zn pheophytin a and b, they became 
competent for integration of Lhcb. In their 
experiments, they found that Zn pheophytin b was 
sufficient for insertion, whereas Zn pheophytin a 
was not. Adamska et al. (2001) recently showed that 
Chi a, but not chlorophyll b, is required for insertion 
of ELIP proteins. This suggests that protein insertion 
must occur at the exact site of the last step of Chi 
synthesis, which would be addition of the acyl tail by 
chlorophyll synthetase. Alternatively, it is possible 
that after synthesis, chlorophyll is bound by a putative 
chlorophyll carrier protein or chaperone until ligated 
to antenna proteins. Several candidates for such a 
carrier have been suggested (Paulsen 1997). 

C. Topology of Chlorophyll Synthesis 

Whether or not Chi can move following synthesis, it 
is likely that the protein integration site will be on the 
same membrane as the enzymes involved in the latter 
steps of Chi synthesis. Thus the location of Chi 
biosynthetic enzymes likely determines the site of 
insertion during development. Chlorophyll synthesis 
can be broken down into steps carried out in the 
plastid stroma and steps carried out in association 
with a plastid membrane (Fig. 4). The steps of 
chlorophyll (and heme) synthesis from ALA up to 
protoporhyrinogen IX occur in the plastid stroma 
(von Wettstein et al., 1995; Rudiger, 1997; Beale, 
1999). The present discussion will focus on the 
enzymes of the later steps of chlorophyll synthesis, 
which are membrane associated. There are several 
excellent reviews on the biosynthesis of chlorophylls 
(Rudiger, 1 997 ; Beale, 1 999) that should be consulted 
for detailed descriptions of the process; an overview 
is given in Chapter 2 (Scheer). 

Although the location of the enzymes of the 
membrane-associated steps should be diagnostic for 
the location of pigment ligation, their localization 
has not been a trivial matter. For example, two separate 
enzymes catalyze oxidation of protoporphyrinogen 
IX, one in the mitochondrion and one in the plastid. 
The plastid protoporphyrinogen oxidase has been 
localized to both the envelope and the thylakoids 
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Fig. 4. Topography of chlorophyll synthesis in higher plant chloroplasts. Steps from AALA to protoporphyrinogen IX are catalyzed by 
enzymes located in the plastid stroma and are designated by black arrows. Steps from protoporphyrinogen IX to chlorophylls a and b are 
carried out in association with a membrane, either the envelope or internal membranes of etioplasts and chloroplasts as discussed in the 
text. Enzymes catalyzing these steps are in italics and stippled arrows designate the steps. 



(Che et al, 2000; Watanabe et al, 2001). Mg chelatase 
is reported to partition between envelope and stroma 
of chloroplasts depending on the Mg concentration 
(Nakayama et al., 1998). Protochlorophyllide 
oxidoreductase (POR) has been the focus of many of 
the studies on the location of chlorophyll biosynthetic 
enzymes (for reviews see Ledbedev andTimko, 1998; 
Sundqvist and Dahlin, 1 997). It has been shown to be 
located on the envelope, on developing thylakoids, 
and on the inner membranes of etioplasts. Local- 
ization studies can be complicated in plants where 
two isoforms of POR are expressed. In plants such as 
barley and Arabidopsis, the A form (PORA) is 
expressed in darkness and accumulates in large 
quantities in the inner etioplast membranes, where it 
plays the predominant role in shaping the prolamellar 
body. Upon transfer to light, expression and plastid 
import of PORA is severely downregulated and the 
existing protein is degraded. PORB is constitutively 
expressed and after transfer to light becomes the 
major form of POR. In a recent study (Barthelemy et 
al., 2000) analyzed the location of POR proteins (A 
and B) and protochlorophyllide during progressive 
stages of greening barley. They found that POR and 
protochlorophyllide were predominantly localized 
in the inner (thylakoids) during early stages of 
greening, but shifted to the envelope in mature 
chloroplasts. When expressed on a stoichiometric 
basis, the total thylakoid POR and protochlorophyllide 
were in great excess over those located in the envelope 
during developmental stages and roughly equivalent 



in mature chloroplasts. As POR lacks putative 
transmembrane anchors, its association with the 
membrane depends on peripheral association with 
the membranes. This might explain its dual location 
within the plastid during development. However, it 
doesn’t explain the surprising finding that in mature 
spinach chloroplasts, POR was located on the outer 
leaflet of the outer envelope membrane (Joyard et al., 
1990). 

The location of protoporhyrinogen oxidase. Mg 
chelatase, and POR at various stages of development 
will lead to a greater understanding of the 
collaboration between envelope and internal 
membranes in pigment synthesis. However, the 
locations of the last two enzymes in the chlorophyll 
synthesis pathway ultimately mark the site of protein 
insertion. Chlorophyll synthetase activity has been 
found only in interior membranes of etioplasts and 
chloroplasts (Rudiger, 1997). This is consistent with 
in vitro analysis showing thylakoids to be the site of 
LHC insertion (see above). In etioplasts, the 
enzymatic activity prefers GGPP as a substrate. A 
putative chlorophyll synthetase was identified several 
years ago (Gaubler et al., 1995). The bacterially 
cxpxQssQd Arabidopsis enzyme prefers GGPP rather 
than phytidyl-PP, similar to the etioplast enzyme 
activity rather than the thylakoid enzyme activity 
(Rudiger, 1997). Whether or not two enzymes are 
responsible for chlorophyll synthetase activity is 
unknown; however, the putative Chi synthetase is 
present as a single copy in the Arabidopsis genome. 
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The localization of chlorophyll(ide) a oxidase is also 
of importance because chlorophyll b is required for 
insertion and stability of LHC proteins. The 
chlorophyll(ide) a oxidase gene was recently cloned 
(EspinedaetaL, 1998;Tanakaetal, 1998). Originally 
thought to use chlorophyll a as a substrate, recent in 
vitro studies indicate that chlorophyllide a is the 
preferred substrate (Oster et al., 2000). The location 
of this enzyme has not yet been reported. An important 
question is: ‘where are chlorophyll synthetase and 
chlorophyll(ide) a oxidase located during early stages 
of the development of proplastids to chloroplasts?’ 
Because of the difficulty of isolating proplastids as 
well as partly developed chloroplasts, it will be 
necessary to employ immunocytochemical tech- 
niques to determine the location of these enzymes as 
a function of developmental stage. The availability 
of cloned genes for these proteins should make this 
approach possible. 

D. Does Chlorophyll Drive the Insertion of 
Antenna Proteins? 

It is not presently known whether chlorophyll and/or 
xanthophyll ligation provides some sort of driving 
force for insertion of antenna proteins into the bilayer. 
However, the fact that in vitro insertion requires 
chlorophyll b for Lhcbl and chlorophyll a for BLIP 
strongly implicates pigments in such a role, or at 
least in stabilizing the inserted state (see Paulsen, 
1 997 for review). It has been shown in reconstitution 
experiments that pigments induce conformational 
changes in denatured LHC proteins that lead to 
formation of pigment-protein complexes. Thus, one 
possibility is that pigment availability at the site of 
insertion coordinately binds to transmembrane 
domains as they insert into the bilayer. In the case of 
cpSRP-dependent family members, the targeting 
stage of the process may deliver the LHC protein to 
the membrane at the exact location of chlorophyll 
availability. Whether such a process occurs awaits 
more detailed dissection of the events that occur 
during the integration step. 

Hoober and co-workers suggest quite a different 
model for chlorophyll participation in the insertion 
step (Hoober and Eggink, 1 999, 200 1 ). They suggest 
that import of LHCs into the plastid is tightly coupled 
with chlorophyll availability in the envelope, such 
that chlorophyll binding to transmembrane domains 
promotes diversion of the protein from the general 
import Toe translocon and folding into the envelope 
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bilayer. When chlorophyll is absent or insufficient, 
import stalls just subsequent to transit peptide removal 
by the stromal processing protease, and the stalled 
proteins are retrieved by cytosolic processes. The 
primary experimental observation leading to this 
model is that in Chlamydomonas cells, Lhcb of 
mature size is found in cytoplasmic vacuoles, and 
that such vacuolar sequestration is enhanced under 
conditions where LHC precursors are synthesized in 
vast excess over chlorophyll. Although this proposed 
integration mechanism is intriguing, it is difficult to 
reconcile with other observations of LHC assembly, 
as it would occur without prior entry into the stroma. 
As mentioned above, when Lhcbl insertion in vitro 
is inhibited by ionophores (Cline et al., 1988) or by 
depletion of stromal ATP (Cline, unpublished), the 
protein is efficiently imported into the chloroplast, 
but accumulates in the stroma complexed with the 
cpSRP (Payan and Cline, 1991). Furthermore, the 
recent results of Nussaume and coworkers (Hutin et 
al., 2002) showing that the cpSRP is essential for 
LHC accumulation argue strongly that imported LHC 
proteins are assembled via a stromal intermediate 
that interacts with cpSRP. The finding of mature 
sized LHC in Chlamydomonas vacuoles is puzzling. 
However, because other proteins, including the large 
subunit of Rubisco and the a subunit of the coupling 
factor, both of which are synthesized on plastid 
ribosomes, are also found in the Chlamydomonas 
cytoplasmic vacuoles (Park et al., 1999), it is more 
likely that a general degradation pathway is 
responsible for scavenging stromal proteins and that 
imported but unassembled stromal LHC is transferred 
to vacuoles by that process. 

VII. Future Prospects 

Although much progress has been made in under- 
standing the pathways and mechanisms of thylakoid 
protein assembly, several areas are particularly ready 
for further investigation. Mechanistic aspects of two 
pathways are still unclear in any system. It is still 
totally unclear how the ApH/Tat-dependent systems 
transport large folded domains without causing the 
membrane to become nonspecifically permeable. 
Nor is it obvious how the pH gradient facilitates the 
transport. With regards to the SRP system, what 
interactions specify targeting and docking to the 
membrane and to what does the transit complex 
dock? In particular, does SRP target to some particular 
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site on the membrane other than simply the cpOxal 
translocon? How does the cpOxalp translocon 
facilitate LHC insertion? Here, an important question 
will be the coordination between protein integration 
and chlorophyll synthesis. Thus, the specific location 
of the components of these two merging pathways 
must be determined. 

A second major area of future investigation will be 
to learn the mechanisms of assembly of plastid- 
synthesized proteins. Preliminary studies suggest 
that there may be important differences between 
assembly mechanisms of imported vs. plastid- 
synthesized proteins. 

Finally, an extremely important area for further 
investigation will be to unravel events and mechan- 
isms during other stages of plastid development. 
What are the mechanisms of vesicle formation, 
movement, and fusion, and what is the vesicle cargo. 
It will also be important to determine the site of 
thylakoid protein translocation in developing 
proplastids, and the site(s) of pigment synthesis. 
Answering these questions now appears to be feasible 
due to developments in genetics and biochemistry 
over the past several years, and the increased 
availability of genomics and proteomic technology. 
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Summary 

The development of the pulse amplitude modulation technique to measure chlorophyll a fluorescence has 
provided an important, widely used tool to investigate various photosynthetic processes in a non-invasive 
manner. The present chapter is focused on a number of chlorophyll fluorescence parameters that are frequently 
applied in plant science and can be easily determined in vascular plants. Modes of measurement and details of 
interpretation of these parameters, as well as examples of applications are described to provide the reader with 
a comprehensive treatise on the scope of the method of modulation fluorometry. This includes the discussion 
of still uncertain or speculative explanations, imperfection of current models and problems concerning possible 
errors in the exact determination of certain parameters. Particular emphasis is put on the effects of stress 
conditions that directly or indirectly affect the energy conversion in Photosystem II and thus influence 
fluorescence emission from plant leaves, i.e. are reflected by photochemical and non-photochemical fluorescence 
quenching phenomena. The chapter also considers the growing use of the fluorescence method including video 
imaging of fluorescence to identify and study plant mutants. 

Beverley Green and William Parson (eds): Light-Harvesting Antennas, pp. 37S-399. 

© 2003 Kluwer Academic Publishers. 
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I. Introduction 

A small fraction of the light energy absorbed by the 
photosynthetic antennae is re-emitted as chlorophyll 
(Chi) a fluorescence. At physiological temperatures, 
the predominant source of fluorescence is the antenna 
of Photosystem II (PS II). As the primary photo- 
chemical reaction and radiationless deactivation of 
excited pigments in PS II compete for photon energy 
with fluorescence emission, the latter is influenced in 
a complex manner directly or indirectly by photo- 
synthetic processes. Thus, the extent and kinetics of 
Chi fluorescence emission bears valuable informa- 
tion. Precise measurement of fluorescence signals 
under well-defined conditions can be used to assess 
a variety of reactions related to photosynthesis. The 
development of refined techniques to record and 
analyze Chi fluorescence signals led to many 
investigations, done both in vitro with isolated 
chloroplasts, thylakoids and PS II particles, and in 
vivo with intact leaves of vascular plants, as well as 
with photosynthetic microorganisms. These studies 
provided far-reaching interpretation of Chi fluores- 
cence phenomena and made fluorescence a powerful 
non-invasive tool in plant science. Before about 
1985, this tool was utilized by a relatively small 
group of specialists only. The introduction of ‘pulse- 
amplitude-modulation’ fluorometers (Schreiber, 
1986), which are commercially available and easy to 
operate, led to a wide use of the Chi fluorescence 
technique among plant scientists. Particularly in stress 
physiology, modulation fluorometers are frequently 
applied both in the laboratory and in the field to 
detect adverse effects of environmental biotic and 
abiotic stress factors, as well as acclimation processes 
in plants. In parallel, highly sensitive fluorometers 
were developed, based on the ‘pump and probe’ and 
‘fast-repetition-rate’ techniques, which allow the 
measurement of Chi fluorescence in aquatic 
ecosystems, e.g. of phytoplankton in the oceans, 
where the Chi concentration is extremely low (Kolber 
and Falkowski, 1993; Falkowski and Kolber, 1995; 



Abbreviations: Ax - antheraxanthin; Chi - chlorophyll; LHCII - 
light harvesting complex of Photosystem II; PAR - photo- 
synthetically active radiation (400-700 nm); <I>p-quantum yield 
of photosynthesis (O 2 evolution or CO 2 assimilation); Opg,, <hp 3 , - 
quantum efficiency of Photosystem II, Photosystem I; PQ - 
plastoquinone; PS I - Photosystem I; PS II - Photosystem II; 

- primary quinone-type electron acceptor of Photosystem II; 
Vx - violaxanthin; Zx - zeaxanthin 



Kolber et al., 1998; Behrenfeld et al., 1998). Non- 
modulated fluorometry was optimized for analyses 
of fast fluorescence transients (Strasser et al., 1995). 

Basic Chi fluorescence phenomena have been 
addressed in an earlier article (Krause and Weis, 
1991), which also considered previous reviews. 
Several further reviews have appeared since, covering 
various aspects of Chi fluorescence methods 
(Karukstis, 1991; Dau 1994; Govindjee, 1995; Joshi 
and Mohanty, 1995; Mohammed et al., 1995; 
Schreiber et al, 1998; Lazar, 1999). The present 
chapter is focused on Chi a fluorescence of terrestrial 
vascular plants, as can be routinely monitored by 
pulse-amplitude-modulated fluorometry in the time 
range of microseconds to minutes at physiological 
temperatures. The significance of fluorescence 
parameters will be pointed out and examples for 
their use in plant science discussed, but a complete 
review of the immense number of applications cannot 
be given here. 



II. The Measuring Principle of the Pulse 
Amplitude Modulation Fiuorometer 

The technical details of the method have been well 
described for the PAM fiuorometer (Schreiber, 1986; 
Schreiber et al., 1986). The principle of measurement 
in comparison to ‘non-modulated’ instruments is 
briefly summarized below. 

In fluorometers using non-modulated continuous 
light (see Schreiber, 1983, for technical review), an 
‘actinic’, photosynthetically active light beam 
(usually blue or short- wavelength red) of medium to 
high intensity induces both photosynthesis and Chi 
fluorescence. By suitable optical filters, this actinic 
light is shielded from the detector to which the red 
fluorescence, e.g. in the range of maximum emission 
at about 685 nm (or in the far-red region), is admitted. 
This technique has several severe disadvantages that 
are eliminated by the modulation system. With ‘non- 
modulated’ fluorometers (i) it is often difficult to 
determine the initial fluorescence yield, F^; (ii) the 
signal size depends on the intensity of the actinic 
beam; (iii) stray light from the environment disturbs 
fluorescence recording; (iv) quenching processes 
cannot be resolved in vivo. Nevertheless, such 
instruments may be well suited to record fast 
fluorescence induction in dark-adapted leaves (see 
Section III.B below). 
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Fig. 1. Scheme of the measuring principle of pulse modulation chlorophyll fluorometry. Pulsed weak ‘measuring’ light from a light 
emitting diode (LED) is passed through an optical short-pass filter to the leaf sample. The fluorescence detector is shielded by a long-pass 
filter that prevents disturbance by stray light from the LED. A selective amplifier assures that only modulated fluorescence induced by 
the measuring light contributes to the signal. From Schreiber (1986) with kind permission from Kluwer Academic Publishers. 



In the pulse-amplitude-modulated fluorometer (e.g. 
the PAM system), a very weak pulsed beam 
(A <680 nm, pulse time 1 /is and pulse frequency 1 .6 
kHz or 100 kHz in the PAM 101) from a light- 
emitting diode is used as a ‘measuring’ beam to 
induce fluorescence, which is detected at wavelengths 
A >710 nm (Fig. 1). The amplifier selects only the 
modulated fluorescence. The amplitude and frequency 
of pulses of the measuring beam are set low enough 
to keep PS II in the ‘dark-adapted’ state in which 
initial fluorescence, Fq, is recorded. Then non- 
modulated actinic, photosynthetically active light of 
a higher intensity is applied as continuous illumination 
leading to steady-state photosynthesis. Superimposed 
high-intensity saturating light pulses of about 1 s are 
used to ‘close’ all PS II reaction centers and thus to 
obtain maximum fluorescence emission. The actinic 
light alters the fluorescence yield according to the 
light-induced changes in the state of PS II (Fig. 2). 
Actinic light of any wavelength and of very high 
intensities does not directly interfere with the 
fluorescence signal. A modulation fluorometer with 
a mechanical chopped measuring beam was already 
used in early basic studies by Duysens and Sweers 
(1963). In the modern electronic systems, response 
time, sensitivity and selectivity for the pulsed 
fluorescence have been immensely improved and 
allow time resolution of measurements below 1 ms. 



III. Initial and Variable Fluorescence 

A. Initial Fluorescence 

When all reaction centers of PS II are ‘open’, i.e. the 
primary quinone electron acceptor is in the 
oxidized state, a minimum ‘initial’ fluorescence yield, 
Fq or ‘O’, also called ‘minimal’, ‘dark-level’, or 
‘constant’ fluorescence (Figs. 2-4), is obtained 
(Duysens and Sweers, 1963; Butler, 1978). With the 
modulation fluorometer, Fq can be conveniently 
recorded in dark-adapted leaves (Figs. 2, 4), provided 
the light energy input from the measuring beam is 
low enough to avoid any Q~ accumulation; a signal 
slowly increasing with time would indicate a too 
high intensity of the measuring beam. Weak far-red 
light exciting predominantly Photosystem I (PS I) 
may facilitate complete oxidation of intersystem 
electron carriers and of Q^. 

After strong actinic illumination and return to 
darkness (or more exactly, to illumination with weak 
measuring light only), a transient apparent increase 
in Fq (not shown in Fig. 4), lasting several minutes, 
can be observed under certain conditions (Mano et 
al., 1995). This was interpreted as indicating donation 
of electrons from stromal reductants to the 
plastoquinone pool and Q^. Based on studies of 
wild-type and transgenic tobacco {Nicotiana 
tabacum) plants, the transient post-illumination 
fluorescence rise has been attributed to the action of 
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I beam on 

Fig. 2. Signal of modulated Chi a fluorescence from a leaf of 
Phaseolus vulgaris (trace A) and an ethanolic Chi extract (trace 
B) demonstrating the response to continuous white actinic light 
of moderate intensity (LI, 20 W m~^) and to a superimposed 
saturating light pulse (L2, 2000 W m“^). Note the absence of any 
change in the signal from the Chi extract upon illumination with 
non-modulated light. From Schreiber et al. (1986) with kind 
permission from Kluwer Academic Publishers. 

plastidic NAD(P)H: plastoquinone oxidoreductase 
(Section VII). 

In C3 plants, Fq measured at room temperature 
predominantly represents PS II fluorescence. 
However, PS I fluorescence contributes to the signal, 
particularly in the wavelength region A >710 nm, 
where modulated fluorescence usually is detected. 
This is evident from spectral analyses of fluorescence 
lifetimes (Gilmore et al., 2000; for reviews of earlier 
literature see Holzwarth, 1991; Krause and Weis, 
1991). The PSI-associated component of Fq was 
shown to vary in Chi /^-deficient chlorina mutants of 
barley (Hordeum vulgare) compared to the wild- 
type (Gilmore et al., 2000). 

According to an estimation by Pfundel (1998), 
the contribution of PS I to Fq is about 30% in C3 
species and about 50% in C4 species of the NADP- 
malic enzyme type, because of the higher total PS 1/ 
PS II ratio in the latter. These results confirm earlier 
measurements with a two channel modulation 
fluorometer (Genty et al., 1990a) allowing fluores- 
cence recording at 690 and 730 nm. At the long 
wavelength, a proportion of Fq of about 30% in C3 
plants and 50% in the C4 species maize was found 
not to participate in non-photochemical quenching 
and was tentatively attributed to PS I. In a special 
emitter-detector unit developed for the PAM system, 
fluorescence is excited with modulated blue light 
(maximum emission at 450 nm) and can be recorded 
in the region of 660-710 nm, which minimizes the 





Time (ms) 

Fig. 3. Chi a fluorescence induction of a dark-adapted leaf of 
Camellia japonica irradiated with different intensities (from 18 
W lower traces, to 576 W upper traces) of actinic light. 
Signals of non-modulated fluorescence, normalized at the Fq 
level, are plotted (A) in linear and (B) in logarithmic time scale. 
The inset depicts the fluorescence rise in the first 2 ms of 
illumination (with 36 to 576 W m“^). From Strasser et al. (1995) 
with kind permission from the American Society for Photobiology. 

PS I contribution to Fq (Schreiber, 1 994). The Fq level 
can be altered by several factors, as discussed in 
section V 

B. Variable Fluorescence 

Actinic light causes a transient polyphasic increase 
of fluorescence emission within about 1 s to a peak, 
Fp or ‘P’ (Figs. 2, 3 and 4A), which is followed by a 
decline (quenching) during several minutes to a low 
terminal level close to Fq (Kautsky effect; Fig. 4). 
The fluorescence increment above Fq originates from 
antennae of PS II and is defined as ‘variable 
fluorescence’ or F^. In the PAM system, the pulse 
frequency of the measuring beam is automatically 
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increased during actinic illumination to obtain a 
higher signal to noise ratio. The fluorescence rise can 
also be precisely recorded with instruments operating 
with non-modulated light, e.g. the ‘Plant Efficiency 
Analyzer’ (PEA), which is designed for analysis of 
fast transients during the first two seconds of 
fluorescence induction (Strasser et al, 1995). As first 
established by Duysens and Sweers (1963), the rise 
of variable fluorescence reflects photochemical 
reduction of or ‘closing’ of PS II reaction centers. 
The kinetics of the fluorescence rise is very complex 
and has been the subject of numerous studies (see 
Krause andWeis, 1991). In high actinic light, usually 
at least three phases of the rise can be distinguished, 
particularly when the transient is displayed in 
logarithmic time scale (Fig. 3). The times and 
amplitudes of these phases strongly depend on 
experimental conditions. The steps of the polyphasic 
rise, marked by inflections in the induction curve 
between the various phases (Fig. 3), were originally 
termed ‘0-Ij-l2-P’ (Neubauer and Schreiber, 1987; 
Schreiber and Neubauer, 1987) and are equivalent to 
the steps ‘0-J-I-P’ studied by Strasser et al. (1995) 
and Srivastava et al. (1997). 

The 0-J phase represents reduction of to Q~. 
The following phases reflect ‘thermal’ processes that 
only indirectly result fi-om the photochemical reaction. 
Sometimes a dip, ‘D’, in the fluorescence transient is 
observed after J. When recorded in low or moderate 
light (see Fig. 3), the 0-J phase (identical with ‘O-F 
of earlier literature and also called ‘plateau’ level, 
Fpi) seems to reflect reduction in PS II^ units with 

‘Qg-nonreducing’ reaction centers. PS II^ units have 
a small antenna size and are supposedly located in 
the stroma lamellae and grana margins of the 
thylakoids. A population of PS II^ apparently contains 
Qg-nonreducing (or sometimes termed ‘inactive’) 
centers incapable of fast electron transfer from to 
Qg (for details see Govindjee, 1990; Krause and 
Weis, 1991). However, as discussed by Lazar (1999), 
the 0-J rise in low light is complex and Qg-reducing 
centers may contribute substantially to this phase. 

In a study of photoinhibition in leaves and isolated 
chloroplasts of spinach (van Wijk et al., 1993), the 
0-J phase (measured in low light) was insensitive to 
high-light pretreatment, whereas the J-P rise and 
electron transport capacity were strongly affected. 
Apparently, the Qg-nonreducing units, which have 
been suggested to represent a reserve pool for re- 
assembly of active PS II^ in the ‘PS II repair cycle’ 
(Guenther and Melis, 1989; Guenther et al., 1990) 



are much more resistant to high-light stress than PS 
II^. This was recently confirmed for leaves of tropical 
plants exposed to the full spectrum of natural sunlight 
(Krause et al., 1999a). 

If the actinic light is saturating, i.e. high enough to 
fully reduce the PS II acceptor side including the PQ 
pool, maximum Fy is reached and P becomes identical 
with the maximum total fluorescence emission, Fj^. 
In saturating light, all is supposed to become 
reduced during the fast 0-Jphase. The fact that the J 
level is lower than P indicates a transient quenching 
of non-photochemical nature, which is not fully 
understood. At least in part, the quenching at J seems 
to be controlled by a transient limitation of electron 
donation to the PS II reaction center, possibly 
involving quenching by the radical P^g^. The J-I 
phase has been interpreted as the relaxation of this 
quenching. Both the 0-J and J-I phase have been 
shown to be influenced by the PS II donor side 
including the water oxidizing system (Schreiber and 
Neubauer, 1987). It was hypothesized (Schreiber 
and Krieger, 1996) that the thermal phases, in 
particular the J-I phase, are based on a recombination 
type fluorescence (resulting from recombination of 
the primary radical pair in PS II), which is quenched 
at the J level. The usually smaller I-P phase is thought 
to reflect reduction of the plastoquinone (PQ) pool, 
which is known to be a fluorescence quencher in the 
oxidized state (Vernotte et al., 1 979). Due to the slow 
thermal phases, the rise from O to P requires at least 
100 to 200 ms even in strong actinic light (for a 
recent review see Schreiber et al., 1998). 

The 0-J-I-P transient can be used routinely to 
detect stress effects in plant leaves. In heat-treated 
pea leaves, an additional fast step termed ‘K’ was 
detected in the range of 200-300 fis (Srivastava et al., 
1997). The O-K phase became dominant in the 
fluorescence rise after severe heat stress and has 
been interpreted to result from inhibition of the 
water-oxidation system and, in addition, from changes 
in the antenna architecture of PS II. 

Besides recording of the fast fluorescence rise, the 
modulation fluorometer allows the analysis of re- 
oxidation in the dark (or more correctly, under the 
modulated measuring beam) after has been fully 
reduced by strong single-turnover flashes. The ‘dark- 
decay’ of variable fluorescence occurs in three phases. 
These represent electron transfer from Q ~ to Qg (i) in 
PS II centers that contain bound Qg (lifetime, r ~ 
500 /is), and (ii) in centers with an empty Qg site 
requiring PQ binding prior to electron transfer (t ~ 
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10 ms). The very slow third phase (r~ 2 s) seems to 
reflect the decay of the J level representing Qg- 
nonreducing PS II units (see Cao and Govindjee, 
1990). 

Stress conditions affecting the PS II acceptor side 
may alter the kinetics of Q“ re-oxidation (Richter et 
al., 1990). Upon exposure of spinach leaves grown at 
room temperature to high light at 4 °C, the 
subsequently determined lifetime of the second, but 
not the first phase of the dark-decay of fluorescence 
was significantly prolonged, indicating an inhibition 
at the Qg binding site of the D1 protein (Briantais et 
al., 1992). However, this was obviously a minor or 
transient effect; the major change was a strong 
decrease in the yield of (Section V). When the 
plants had been cold-acclimated prior to the strong 
irradiation at low temperature, the effect was much 
less pronounced. 



IV. Ratio of Maximum Variable to Maximum 
Total Fluorescence, 

As derived from the fluorescence model of Butler 
and coworkers (Butler, 1978), the ratio of maximum 
variable to maximum total fluorescence F^/Fj^ = (F^^ 
- Fq)/Fj^, represents the potential quantum efficiency 
of the photochemical reaction in PS II. This 
relationship is valid also for more complex models 
considering connectivity between PS II units, as it is 
based on the fluorescence yield in the two extreme 
states where all reaction centers are either open or 
closed (Section VI. 1). In earlier studies, F^/Fj^ was 
usually determined by 77K fluorescence recorded in 
the 685-695 nm region. It was found that this ratio is 
remarkably uniform in mature, unstressed leaves 
among different species and ecotypes (Bjorkman 
and Demmig, 1987). The modulation fluorometer 
has made it very convenient to measure F^/Fj^ in a 
non- invasive manner at room temperature. After 
recording Fq in a dark-adapted leaf, a saturating non- 
modulated light pulse (duration usually about 0.8 to 
1 s) reduces Q^, Qg and the PQ pool, and the fluores- 
cence rises to Fj^ (Fig. 4A). The mean value of Fy/Fj^, 
0.832 ± 0.004, found for C3 species at 77K (Bjorkman 
and Demmig, 1 987), is in the range of Fy/Fj^ observed 
with the PAM system at 20 °C, but slightly lower 
than expected from the mean optimal quantum yield 
of photosynthetic O2 evolution at room temperature. 
For C3 plants, this was determined under non- 
photorespiratory conditions as 0. 106 ± 0.001 mol O2 



moF^ photons (Bjorkman and Demmig, 1987), 
corresponding to a PS II quantum efficiency of 0.848, 
if one assumes equal distribution of photons between 
PS I and PS II and a minimum of 8 e" needed to 
evolve 1 O2. There are certainly intrinsic differences 
between the two methods of Fy/Fj^ determination, as 
indicated by comparative studies (Krause and 
Somersalo, 1989; Adams et al., 1990a). Donor side 
limitations will have less effect at 77K than at 20 °C, 
as at low temperature Q“ is not readily re-oxidized. 
Qg and the PQ pool remain in the oxidized state and 
may act as static quenchers. In contrast, at room 
temperature, the quenching by the PQ pool (Vernotte 
et al., 1979), which accounts for about 15% of Fy, 
supposedly is eliminated during the I-P phase of the 
fluorescence rise (Schreiber and Neubauer, 1987). 
This may result in a slight overestimation of potential 
PS II efficiency. Therefore, Schreiber et al. (1995) 
suggested to measure the I level instead of to 
determine PS II efficiency, which would also allow 
the application of much shorter pulses. However, this 
approach has found little use in practice. 

On the other hand, at ambient temperatures a 
significant underestimation of Fy/Fj^ results from the 
contribution of PS I to Fq at A >710 nm (Section 
III. A). This effect is more pronounced in plants of 

the NADP-malic enzyme type than in C3 plants. 
Pfiindel (1998) calculated from his study of C3, C3- 
C4 intermediate and C4 plants a corrected Fy/Fj^ of 
0.88 for pure PS II fluorescence. Such high Fy/Fj^ 
values are, indeed, obtained with a PAM emitter- 
detector system that minimizes PS I contribution by 
recording fluorescence in the red region around 685 
nm (Schreiber, 1 994). A disadvantage of such a setup 
is its lower measuring sensitivity. 

Despite these uncertainties, determination of Fy/ 
Fyj has become a widely used method to obtain an 
approximate measure of potential PS II efficiency in 
intact plant leaves. Light absorbed in excess of 
utilization in photosynthesis, particularly in 
combination with other stress factors, causes a 
sustained lowering of Fy/F,^ when measured after an 
appropriate period (usually between 10 min and 1 h) 
of dark adaptation. The decline in Fy/Fj^ predom- 
inantly results from a decrease in Fy and, in certain 
cases, from an increase in F^. Usually, these changes 
are reversible upon return to optimal conditions. As 
a result of stress exerted by excessive light, the 
decrease in Fy/Fp^ is closely related to ‘photo- 
inhibition’ of photosynthesis. In numerous studies, a 
linear correlation between decline in Fy/Fj^ and 
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inhibition of optimal quantum yield of photosyn- 
thesis, d>p (i.e. yield of O 2 evolution or CO 2 
assimilation in strictly limiting light) has been 
observed (Demmig and Bjdrkman, 1987; see also 
Krause and Weis, 1991) making a practical 

indicator of photoinhibition. In principle, the decrease 
in Fy/Fj^ results from an increase in thermal de- 
activation of excited Chi at the expense of 
photochemical activity and fluorescence emission. 
Thus, reductions in F^/Fj^ express persistent ‘non- 
photochemicaF fluorescence quenching processes 
(Section V). 

Theoretically, a linear relationship between Fy/F^^ 
and Op is expected, if one assumes a gradual increase 
in the overall rate constant of thermal deactivation, 
kp), accompanied by a gradual decrease in the rate 
constant of the photochemical reaction, kp. However, 
studies of fluorescence induction (Krause et al., 1990) 
and thermoluminescence (Briantais et al. , 1 992) make 
it more likely that the decline in F^/Fj^ is caused by a 
growing population of fully inactive PS II units 
exhibiting no variable fluorescence, while the 
remaining PS II units remain largely unchanged in 
their activity. It has been suggested that in the inactive 
population, the reaction centers have been trans- 
formed to quenchers (e.g. by damage to the D1 
protein), which convert the excitation energy to heat. 
Moreover, a population with strong quenching centers 
in the antennae of PS II created by the action of the 
xanthophyll zeaxanthin may be responsible for the 
lowered fluorescence yield (Gilmore et al., 1995; 
Horton et al., 1996). In view of the exciton-radical 
pair equilibrium models of primary photochemistry 
(Section VI. 1 and Chapter 7, van Amerongen and 
Dekker), it appears difficult, if not impossible, to 
discriminate between fluorescence quenching in the 
reaction center and antenna. 

In a simple model considering two such populations 
(Giersch and Krause, 1 99 1 ), a curvilinear relationship 
between F^/Fj^ and d>p or PS II efficiency was 
obtained. However, if cooperativity between PS II 
units, i.e. excitation energy transfer from active to 
quenching units was taken into account, a quasi- 
linear relationship appeared that fitted with data 
from photoinhibited isolated chloroplasts. Intact 
leaves, however, are more complex, as optical 
properties (Bornman et al., 1991), gradients of 
photoinhibition from upper to lower leaf sides (Krause 
and Somersalo, 1989) and possible differences in 
chloroplast structure come into play. Thus different 
relationships between Fy/Fj^ and Op can be found 



(Bjorkman, 1987). When stress factors primarily 
affect sites other than PS II (e.g. in photosynthetic 
carbon metabolism), no linear correlation of Fy/Fj^ 
with Op can be observed. This has been demonstrated 
for water-stressed plants (Adams et al., 1990a), 
chilling-sensitive plants exposed to excess light at 
low temperatures (Tyystjarvi et al., 1989; Adams et 
al., 1990a) or plants irradiated with supplemental 
UV-B light (Nogues and Baker, 1995; Allen et al., 
1997). Moreover, it should be considered that in 
chilling-sensitive species, PS I may be equally or 
more sensitive to high-light stress at chilling 
temperature than PS II (Sonoike, 1996; Terashima et 
al., 1998; Barth and Krause, 1999). Generally, there 
is no correlation between the capacity of photo- 
synthesis (i.e. rate in saturating light) and Fy/Fj^, 
because in saturating light, CO 2 assimilation, but not 
the photochemical reaction is limiting. 

Overall, Fy/F^^ appears as a valuable, however, 
only approximate measure of potential PS II efficiency 
and may serve in many cases as a sensitive indicator 
of changes in photosynthetic performance under 
limiting light. However, for each plant system studied, 
the relationship between Fy/F^^ and Op has to be 
established by direct measurements of photosynthesis. 

V. Fluorescence Quenching 

Following the peak or maximum, fluorescence 
emission in continuous actinic light declines within 
minutes in several phases to a low steady-state 
(‘terminal’) level (Fig. 4A). The quenching is a 
complex phenomenon. Although the principles of 
the different quenching mechanisms were recognized 
in earlier studies (Briantais et al., 1985; Krause and 
Weis, 1991), the pulse modulation method made it 
very convenient to separate quenching components 
in vivo. One major component is the ‘photochemical’ 
quenching, qP, which is related to the redox state of 
Q^. When saturating pulses are added repetitively 
during the fluorescence decline in continuous light, a 
rise of fluorescence to a maximum Fj^' indicates 
closure of the fraction of reaction centers that had 
been open with in the oxidized state (Fig. 4A, C). 
This indicates that the fluorescence quenching in 
continuous light is caused in part by competition of 
the primary photochemical reaction with fluorescence 
emission. On the other hand, Fig. 4A demonstrates 
that the original F^, level of the dark-adapted state is 
not reached during continuous actinic illumination. 
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Fig. 4. Schematic presentation of Chi a fluorescence signals and 
derived quenching parameters from a plant leaf, as can be recorded 
with a modulation fluorometer. Depicted parameters: Fq, Fj^, Fy, 
initial, maximum and variable Chi fluorescence yield in the dark- 
adapted state; Fq’, Fj^’, Fy’, initial, maximum and variable Chi 
fluorescence yield in the light; F, total Chi fluorescence yield in 
the light; Fq^ F^^j., intial and maximum Chi fluorescence yield 
after 1 0 min dark relaxation of preilluminated leaves; qNgy, non- 
photochemical fluorescence quenching, Stem-Volmer type; qN(-, 
nonphotochemical quenching coefficient; qP, photochenical 
quenching coefficient. 

A. Determination of Fq and Fq' in weak modulated measuring 

light (ML), of Fjyj and by means of saturating light pulses (P) 

and of photochemical quenching (qP), non-photochemical 
quenching (qN) and photosynthetic yield of PS II (<I>p 3 u) under 
moderate continuous light (around 300 fimol m“^ s“*) and repetitive 
saturating pulses (P). Calculation of parameters: Fy = Ff^ - Fq; 

Fv ^ Fm “ Fq i Fm ” ^ps II (Fm “ F)/Fm • 

B. Calculated values of photochemical quenching, qP, and non- 



revealiiig ‘non-photochemicar quenching processes, 
qN. 

A. Photochemical Quenching 

As variable fluorescence may vary between zero (in 
the Fq state; all oxidized) and Fy (maximum 
variable fluorescence; all reduced), photochemical 
quenching, qP, is defined as the fraction of Fy (or Fy ', 
see below) quenched by oxidized Q^, i.e. by utilization 
of excitons in photochemistry. According to this 
definition, at any time in continuous light, qP can be 
calculated from the fluorescence yield, F, and the 
maximal (Fj^') and minimal (Fq') fluorescence {cf. 
Fig. 4A, B): 

qP = (F^' - F)/(F^' - F;) = (F^' - F)/Fy . (1) 

It should be noted that non-photochemical 
quenching occurring simultaneously with photo- 
chemical quenching results in a lowered maximum 
variable fluorescence, Fy'. Determination of Fy' and 
qP require measurement of Fq', the minimal 
fluorescence level in the light, which may differ 
considerably from dark-adapted Fq due to non- 
photochemical quenching (Section V.B). An 
approximate value for Fq' can be obtained by 
switching off the actinic light and irradiating with 
weak far-red light to enhance reoxidation of Q~. The 
transient fluorescence minimum attained within a 
few seconds then represents Fq' (Fig. 4A, C). However, 
the software of commercial modulation fluorometers 
usually calculates qP based on Fq rather than Fq'. 
This may result in significant errors, particularly in 
strong light when qP is small and qN high. 

The parameter qP is an approximate measure of 
the fraction of reaction centers possessing oxidized 
Q^. However, the relationship between qP and the 



photochemical quenching, qN. For qN, two frequently used 
calculation methods, namely qNsy and qN^ are compared. 
Parameters were calculated from the fluorescence signal shown 
in A at each saturating pulse (P) after turning on the actinic light 
(AL) as indicated by the corresponding arrows. Quenching 
parameters were calculated using: qP = (F^^' - F)/Fy'; qNgy = 
= 1 - Fy /Fy. 

C. Relaxation of non-photochemical quenching in the dark after 
exposure to strong continuous actinic light (around 2000 jumol 
m-2 g-i Pqj. 20 min), determined by means of saturating light 
pulses (P). Calculation of parameters after 1 0 min dark relaxation 
(in this case, qT can be neglected): Fy^ = Fj^j. - Fq^; qEgy ~ Fj^/ 
“Fj^/Fivir; flIsv~f^MTMr~ h 1 “f^v Typ qlc ~ 1 “ ^v/ 
Fy. (For further explanations see text.) 
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redox state of is not strictly linear. Depending on 
the degree of antenna connectivity allowing excitation 
energy transfer from PS II units with closed to units 
with open centers, a curvilinear relationship results 
(Trissl and Lavergne, 1 994), and the fraction of PS II 
centers with oxidized is supposedly smaller than 
qP, except for extreme values, i.e. qP = 1 and qP = 0. 

As the Calvin cycle is the predominant process 
that finally accepts the electrons transported through 
PS II, the redox state of and thus qP are strongly 
influenced by photosynthetic carbon metabolism. 
During fluorescence induction in a dark-adapted leaf 
under moderate light, qP is low in the first minutes 
and gradually increases when the Calvin cycle 
becomes active and the stomates open (Fig. 4B). It 
may take 20 to 30 min or even longer to reach the 
steady-state of photosynthesis and qP, particularly 
when leaves had been dark-adapted for a long time, 
e.g. overnight. Optimal utilization of photochemical 
energy in carbon metabolism (including photo- 
respiration) is characterized by high qP values. When 
light absorption exceeds the requirement by carbon 
assimilation, qP declines and approaches zero in 
extremely strong light. Likewise, under a given 
moderate irradiance, the light energy may become 
excessive, when environmental conditions restrict 
CO 2 assimilation. This will lead to decreases in qP. 
Thus, qP may serve as a valuable indicator of Tight 
stress’ combined with other stress factors. 

B. Non-photochemical Quenching 

t Basics — The Two Definitions of Non - 
photochemical Quenching 

Quenching of fluorescence that is not related to 
reoxidation of Q^, as manifested by a lower value of 
in comparison to F,^ (Fig. 4A,C), has been 
termed ‘non-photochemical’ quenching, qN (or 
NPQ). One type of such quenching, a persistent 
decrease in Fy/F^ related to photoinhibition of PS II, 
has already been mentioned in Section IV It can be 
seen from Fig. 4B that qN develops roughly 
antiparallel to qP during fluorescence induction of a 
dark-adapted leaf Under moderate actinic light, qN 
rises to a maximum during the first minutes, while qP 
is low. As qP increases, qN declines towards the 
steady state of photosynthesis (Fig. 4B). 

In the literature, different definitions of non- 
photochemical quenching parameters can be found. 
In many studies, the Stern-Volmer equation 



(Govindjee, 1995; Lakowicz, 1999) has been used to 
calculate qN, designated in the following as ‘qNgy.’ 
This term is identical with the frequently used 
abbreviation ‘NPQ.’ The Stern-Volmer approach 
considers the quenching of maximum fluorescence 
so that no Fq determination is required: 

qN3, = (F^-F^')/FM = FM/FM-l. (2) 

The parameter qNg^ is equivalent to the relative 
increase in the overall rate constant of non- 
photochemical energy conversion in PS II. The 
fluorescence yield is 

F = kp/Sk., (3) 

where kp is the rate constant of fluorescence emission 
and Skj the sum of rate constants of all competing 
energy-converting reactions in PS II. In the state of 
F^, the rate constant of the photochemical reaction, 
kp, is zero; it follows that Skj = k^, the sum of rate 
constants of all non-photochemical reactions. Using 
Eqs. (3) and (4), this gives 

FM = kp/k^and (4) 

^Nsv ~ (Fn ~ Ffj)/k^ — Akpi /k^, , (5) 

where k^j' is the sum of non-photochemical rate 
constants in the quenched state and k^ refers to the 
initial dark-adapted state. Thus, qNgy provides a 
measure of the increase in non-photochemical energy 
conversion under high-light stress. In highly excessive 
light, qNgy values of 3 to 4 or even higher can be 
observed. However, one should be aware that this is 
a relative measure, as it refers to the initial dark- 
adapted state of the leaf If the leaf is affected by 
previous stress (e.g. in case of ‘chronic photo- 
inhibition’ indicated by a lowered Fy/Fj^ ratio), qNgy 
values may be misleading. When qNgy is used to 
evaluate stress responses, calculations should be 
based on non-stressed leaves whenever possible. 

With the modulation fluorometer, Fq, FJ, Fy and Fy 
can be routinely determined (Fig. 4A, C). In analogy 
to the photochemical quenching coefficient, qP, 
Schreiber et al. (1986) defined qN as the fraction of 
Fy quenched by non-photochemical processes. To 
distinguish such quenching coefficient (values 
between 0 and I) from the Stern-Volmer type 
parameter, we designate this fraction of Fy here as 
qNc: 
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qNc = 1 - (F^' - F„')/(F^ - F„) = 1 - F.'/F^. (6) 

When quenching of F„ is neglected, i.e. F„' = F(, (as 
may be the case with commercial software), the 
approximate value is 

qN, = (F^-F^)/F,. (7) 

The two quenching coefficients, qP and qN<., as 
defined by Schreiber and coworkers, are related to 
total quenching of variable fluorescence, q^, 
according to 

l-qe = (l-qP)(l-qNe). (8) 

The physical meaning of qN^^ is, however, 
considerably more complex than for qNgy . In a model 
study, Havaux et al. (1991) pointed out that the 
coefficient qN^ depends on both non-photochemical 
and photochemical events in PS II. This results from 
the fact that F^, which is related to the photochemical 
reaction, is considered in calculating qN<^, but not in 
the parameter qNg^. Thus, in stress physiology, the 
Stern- Volmer approach (qNgy) appears as the 
preferable method to assess changes in non- 
photochemical energy dissipation. 

2. Resolution of qN Components 

Based on different relaxation kinetics in the dark, 
three components of non-photochemical quenching 
can be resolved. These are (i) energy-dependent 
quenching, qE, which is related to pH-regulated 
processes in the antennae of PS II, (ii) state-transition 
quenching, qT, which depends on the redox-regulated 
phosphorylation state of LHCII and (iii) photo- 
inhibitory quenching, ql, which is related to 
photoinactivation of PS II and in part is based on 
damage to the reaction center. As for total non- 
photochemical quenching, the single components 
can be expressed either as quenching coefficients 
defined as the fraction of variable fluorescence 
quenched (qE^^, qT^^, ql^., with values between 0 
and 1) or based on the Stern- Volmer equation (qEg^, 
qTgy, qigv)* For reasons discussed above, the Stern- 
Volmer type quenching appears to be the more suitable 
method to express the impact of non-photochemical 
processes on energy conversion in PS II. In analogy 
to equation 6, the single Stern- Volmer type quenching 
parameters denote the contribution of the different 
processes to the increase in the overall non- 



photochemical rate constant, k^. The Stern- Volmer 
type quenching components are simply additive: 

qNsv = qEsv + qTgv + qIsv. (9) 

whereas the quenching coefficients referring to F^' 
are related to each other according to the more 
complex equation 

(1 - qN,) = (1 - qE,) (1 - qT,) (1 - ql,). (10) 

Moreover, the Stern- Volmer parameters are easier 
to determine, since Fq' measurement is not required. 

Nevertheless, the quenching coefficients of Eq. 
(10) have been proven useful in many studies to 
characterize the state of leaves under stress conditions. 
With increasing PAR, qE^. exhibits a typical light- 
saturation curve. When light saturation of qE^. is 
reached, formation of high ql^. can be expected. 
Quantum yield of photosynthesis under saturating 
CO 2 (mol O 2 evolved or CO 2 fixed per mol photons 
absorbed) decreases in an antiparallel fashion with 
increasing qE^. A negative correlation between qE^^ 
and quantum yield has been observed in isolated 
intact chloroplasts (Krause and Laasch, 1987) and 
leaf discs of spinach (Quick et al., 1989). In other 
studies (Peterson et al., 1988; Peterson, 1989), a 
linear relationship between quantum yield and the 
ratio qP/qN (2 (up to values of 1.6) was reported. 
According to a model by Weis and Berry (1987), 
quantum efficiency of PS II and rates of electron 
transport related to CO 2 assimilation can be calculated 
using qP and qN^ (Section VI). Thus, quenching 
coefficients may serve to estimate photosynthetic 
performance. 

The three components of qN have been identified 
by applying repetitive saturating light pulses during 
the dark relaxation of quenching (Demmig and 
Winter, 1988; Horton and Hague, 1988; Quick and 
Stitt, 1989; Walters and Horton, 1991; Jahns and 
Krause, 1994) (see idealized trace in Fig. 4C). When 
the maximum variable fluorescence observed after 
actinic illumination during the dark relaxation period 
in barley {Hordeum vulgare) leaves was extrapolated 
back to the time of darkening, three phases of F^ 
increase with half-times of about 1 min, 5 min and 
several hours were resolved (Quick and Stitt, 1989). 
A better fitting deconvolution was obtained by back 
extrapolation of the semilogarithmic plot of log qN^. 
versus dark time assuming exponentially decaying 
components (Walters and Horton, 1991). That 
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approach resulted in ty 2 of 1 min, 5-10 min and >30 
min. The respective quenching components have 
been termed qN^ (‘fast’), qN^^ (‘medium’) and qN^ 
(‘slow’). The three components were attributed to 
qE, qT and ql (Horton and Hague, 1988; Quick and 
Stitt 1989). This interpretation was supported by the 
effects of various inhibitors and uncouplers. For 
instance, fluoride, which inhibits dephosphorylation 
of phospho-LHCII and thus traps the thylakoid system 
in state 2 (in which phospho-LHCII is detached from 
PS II so that excitation of PS I is favored in relation 
to PS II, see also Section VB.4), abolished relaxation 
of qNj^. Similar ty 2 values were obtained for pea 
(Pisum sativum) leaves by analyzing the plot of log 

versus relaxation time (Jahns and Krause, 1994). 
Calculated qN^^ was light-saturated below 400 fimol 
photons m^^ s~^ and did not exceed values above 0. 1 . 
In intermittent light grown pea leaves that are devoid 
of most Chi a/b antenna complexes, qN^^ was absent 
(Jahns and Krause, 1994). In isolated intact 
chloroplasts (Krause et al., 1982), qE was found to 
relax faster (tj /2 ~ 15 s) than in leaves. 

There are several complications regarding the 
extrapolation method. Relatively high apparent qT^. 
values (0.4 to 0.6) were obtained in barley leaves 
upon exposure to excess light (Quick and Stitt, 1 989; 
Walters and Horton, 1991), although state transition 
is known to be suppressed by strong illumination 
(Section VB.4). Fluorescence analyses at 77 K 
(Walters and Horton, 1991; see also Walters and 
Horton, 1993) indicated that in low light, qN^^ is a 
reliable measure of qT, whereas in high light at least 
part of qNj^ is due to other quenching processes. The 
authors suggested that qE strongly contributes to the 
qN^ component in high light. But given the fact that 
ql is heterogeneous and has a relatively fast relaxing 
component (Section VB.5), it cannot be excluded 
that in high light also ql contributes to qN^^. A further 
problem is that often the medium phase of relaxation 
cannot be well resolved. Particularly at chilling 
temperatures, relaxation of quenching is slowed down 
and deconvolution of qN components can be 
problematic (e.g. Koroleva et al., 1994). Care should 
also be taken that the saturating pulses do not interfere 
with the relaxation of quenching. Apparently, such 
effects can be excluded if the time interval between 
pulses of 3000 jamol s~' is at least 100 s (Quick 
and Stitt, 1989; Walters and Horton, 1991). 

As qT is largely suppressed under high-light stress, 
qN formed during excessive illumination of leaves 
can be resolved into approximate values for qE and 



ql. In spinach leaves (Leitsch et al., 1994) and sun 
leaves of tropical trees (Thiele et al., 1997) following 
high-light exposure, F^/Fj^ and Fq increased in the 
dark and reached plateau values after about 10 min. 
This phase can be attributed predominantly to 
relaxation of qE. Further relaxation of quenching 
was stimulated by low light indicating ‘recovery’ 
from photoinhibition of PS II, i.e. relaxation of ql. 
Thus, for practical purposes, qE and ql can roughly 
be calculated from fluorescence recordings as 
depicted in Fig. 4C, using initial, Fq^, and maximum 
fluorescence, measured after 10 min relaxation 



in darkness: 

qE3^==(F^/F^'-l)F^/F^, = F^/F^' 

-PM/Flvlr (11) 

ql3v = (F^-F^,)/F^, = F^/F^,-l, (12) 

where qNsv = qEsv + qlsv (13) 

Corresponding quenching coefficients according 
to Schreiber et al. (1986) are 

qE,-l-(F^^-F;)/(F^^-FJ 
= 1-FvVF^,; (14) 

qlc - 1 - (pMr - For)/(FM-Fo) = 1 ~ Fy/F^, (15) 

where 1 - qN^ - (1 - qE^) (1 - qy. (16) 



It should be noted that qE and ql values calculated 
according to this approximation may contain small 
contributions of qT depending on experimental 
conditions. 

In the following, the characteristics and possible 
mechanisms of the three quenching components are 
discussed. 

3. Energy-dependent Quenching, qE 

The quenching qE is caused by the energization of 
the thylakoid membrane. During short-term (several 
min) exposure of leaves to strong light qE is the 
major component of qN, as well as of total quenching. 
There is wide agreement that qE represents a ‘down 
regulation’ of PS II, i.e. an enhanced thermal 
dissipation of excitation energy in the antennae in 
response to excessive light absorption. The 
photoprotection of PS II by the qE mechanism was 
first demonstrated in vitro with isolated chloroplasts 
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(Krause and Behrend, 1986). The degree of energy- 
dependent quenching is known to depend on two 
factors, (i) the size of the ApH across the thylakoid 
membrane and (ii) the amount of zeaxanthin (Zx) 
and possibly of antheraxanthin (Ax) present in the 
thylakoids. It was shown by Briantais et al. (1979) 
that qEgy is linearly related to the ff concentration in 
the thylakoid lumen (see also ICrause and Weis, 
1 99 1 ). It should be noted that the relationship between 
qE^ (defined as quenching coefficient) and [W] is 
non-linear. 

a. Role of the Xanthophyll Cycle 

Zeaxanthin (Zx) and antheraxanthin (Ax) are formed 
in the xanthophyll cycle from the di-epoxide 
violaxanthin (Vx), when the Vx de-epoxidase in the 
thylakoid lumen is activated by low pH in high light. 
In low light or darkness, Vx is restored by Zx 
epoxidase localized on the stromal side of the 
thylakoids: 

Vx de-epoxidase 
Vx < ^ Ax < ^ Zx 

Zx epoxidase 

No plausible function of the long-known xantho- 
phyll cycle (Yamamoto et al., 1962) was found until 
Demmig et al. (1987) suggested a role of Zx in 
thermal energy dissipation expressed as non- 
photochemical quenching. Since then, in numerous 
studies, close linear correlations between Zx contents 
of leaves and qNgy (presumably measured under 
conditions where qEg^ was its major component) 
was documented (Demmig- Adams and Adams, 1992; 
1 996a, 1 999). Again, such a linear relationship applies 
for Stem- Volmer type quenching only. Also the mono- 
epoxide Ax, the intermediate of Zx formation, has 
been suggested to facilitate formation of qE (see 
Gilmore, 1997). In several investigations, a closer 
correlation between qNgy and Zx + Ax than between 
qNgy and Zx alone was found (e.g. Demmig- Adams 
and Adams, 1996b). In vitro studies indicated that 
only Ax formed in the de-epoxidation reaction is 
effective in enhancing the quenching, but not that 
formed by epoxidation of Zx (Gilmore et al., 1994). 
For details on the xanthophyll cycle and its 
physiological significance, the reader is referred to 
Chapters 14 and 15 of this volume, and to several 
chapters in The Photochemistry of Carotenoids, a 
recent volume in this series (Frank et al., 1999). 



Enhanced thermal dissipation of excitation energy 
related to ApH-dependent quenching has been 
demonstrated in isolated thylakoids by means of 
photoacoustic spectroscopy (e.g. Mullineaux et al., 
1994;Yahyaouietal., 1998). However, this technique 
was apparently not suitable to detect the increase in 
heat release that is supposedly related to formation 
of Zx and Ax (Yahyaoui et al., 1998). 

b. Mechanism 

There is an extensive literature on the possible 
mechanism of qE and the roles of the ApH and 
xanthophyll cycle, which is not intended to be 
reviewed here (for a detailed review see Horton et al., 
1 996, 1 999). In short, the acidification of the thylakoid 
lumen seems to cause conformational changes of 
chlorophyll a,b -binding antenna proteins of the light 
harvesting complex of PS II (LHCII) by protonation 
of acidic amino acid residues accessible at the lumenal 
side of the membrane. The conformational changes 
are viewed as the basis of qE formation. They seem 
to be influenced by Mg^^ concentration and 
alkalization of the stroma (Noctor et al, 1 993 ; Ruban 
and Horton, 1995a) and might be related to a cation 
exchange (protons for magnesium ions) at the inner 
membrane surface and Mg^^ transfer from lumen to 
stroma (Krause, 1978; Briantais etal., 1979;Mohanty 
et al., 1995). The hypothesis of allosteric changes of 
the LHCII is supported by certain characteristics of 
qE. Formation and relaxation of qE are usually slower 
than changes in the proton gradient (Bilger et al., 
1988; Horton et al., 1996) and are correlated with 
apparent absorbance (light scattering) changes at 
about 535 nm (Krause, 1974; Bilger et al., 1988; 
Noctor et al., 1993; Bilger and Bjorkman, 1994; 
Horton et al., 1996). In isolated chloroplasts, 
formation and relaxation of qE were shown to be 
temperature-dependent, with activation energies 
around 65 kJ moF^ typical for enzymatic reactions, 
(Krause, 1992). 

The presence of Zx (and Ax) is supposed to 
facilitate strongly the formation of qE at a given 
ApH. No quenching is caused by these xanthophylls 
in the absence of lumen acidification. Particularly, 
the minor (inner) LHCII complexes, CP29, CP26 
and CP24 (encoded by the Lhcb4, Lhcb5 and Lhcb6 
genes, respectively) which are enriched in xanthophyll 
cycle pigments (Bassi et al., 1993; Farber et al., 
1997) seem to be involved in the enhancement of qE 
by action of Zx. This is supported by experiments 




Chapter 13 Pulse Amplitude Modulated Fluorometry 



385 



with intermittent light grown pea plants (Jahns and 
Schweig, 1995) and by fluorescence lifetime studies 
with chlorina mutants of barley deficient in the 
major (outer) LHCII encoded by the Lhcbl, Lhcb2 
and Lhcb3 genes (Briantais et ah, 1996; Gilmore et 
ah, 1996). According to Noctor et al. (1991), the 
presence of Zx is not obligatory for qE formation, 
and maximum qE can be induced at high Mg^^ 
concentration by a very high ApH alone. However, in 
other studies with isolated thylakoids only about 
half-maximal qE^ values were obtained at maximum 
ApH, when the xanthophyll cycle was inhibited 
(Thiele and Krause, 1994; Jahns and Schweig, 1995). 
In vivo, by blocking the de-epoxidase with 
dithiothreitol, a substantial Zx-independent qE 
component can be demonstrated (Adams et al., 1 990b; 
Demmig- Adams et al., 1990), but this is never close 
to maximal qE seen in the absence of the inhibitor. 
From their experiments with intermittent light grown 
plants, Jahns and Schweig (1995) concluded that Zx- 
dependent qE mainly results from Zx interaction 
with the minor LHCII complexes, in particular with 
Lhcb5 (CP26), whereas the outer LHCII are 
responsible for Zx-independent quenching. 

The central role of Zx for qE was underlined by the 
analysis of xanthophyll cycle mutants of Chlamy- 
domonas reinhardtii mdArabidopsis thaliana (Niyogi 
et al, 1997, 1998). Algae and plants deficient in Vx 
de-epoxidase (so-called npql mutants), that were 
unable to generate Zx, showed little or no qE 
formation. On the other hand, when a permanently 
high Zx content was present in mutants deficient in 
Zx epoxidase (so-called npq2 mutants), qE was 
generated more rapidly in comparison with wild type 
plants/algae. 

At present, it is not clear whether Zx-independent 
qE does play a significant role in vivo when the 
xanthophyll cycle is active. There are indications 
that at the start of strong illumination in vivo, when 
Zx levels are still low, but a high ApH is built up, 
considerable Zx-independent quenching may occur 
(Horton and Ruban, 1992, and our unpublished 
observations). That the Zx-independent component 
results from the presence of Ax, as suggested by 
Gilmore and Yamamoto (1993) appears unlikely, as 
such quenching was observed in the absence of 
substantial amounts of both Ax and Zx (Thiele and 
Krause, 1994). In the steady state of photosynthesis, 
when Zx has been formed and a more moderate ApH 
is present due to its utilization in ATP synthesis, Zx- 
dependent qE seems to dominate, as indicated by the 



close correlation between Zx content and qEgy. 

Several models have been suggested regarding the 
synergistic action between ApH and Zx (or Zx+Ax) 
resulting in the allosteric changes of LHCII that are 
supposed to be responsible for qE (Horton and Ruban, 
1992; Horton et al., 1996, 1999; Gilmore, 1997; 
Gilmore et al., 1998). Most evidence suggests that 
the same mechanism is underlying both the Zx- 
dependent and -independent qE. Presumably, the 
conformational changes caused by protonation of 
LHCII complexes lead to the formation of a 
fluorescence quencher. Binding of Zx (and Ax) seems 
to enhance the quenching, whereas Vx acts as an 
‘antiquencher.’ From the appearance of a short- 
lifetime component of fluorescence in the quenched 
state, Gilmore et al. ( 1 995) concluded that a quenching 
complex of protonated LHCII and xanthophyll is 
formed. The quenching is supposed to be achieved 
either by interaction between Chi molecules 
(‘concentration quenching’) with Zx and Ax 
supporting a conformation with strong pigment 
aggregation (model of Horton and coworkers) or by 
direct singlet-singlet energy transfer from Chi to 
xanthophyll molecules (Frank et al., 1994; Owens, 

1994) . The latter appears possible due to the low- 
lying singlet excited state of Zx resulting from its 
larger conjugated ;r electron system. As discussed by 
Horton et al. (1996, 1999), both ways of quenching 
possibly take place within the quenching complex. 
The putative qE mechanism has found strong support 
from studies with isolated LHCII complexes (Horton 
et al., 1996; Ruban et al., 1996). 

Recent analysis of another NPQ-mutant (called 
npq4) of Arabidopsis indicated that an intrinsic 
subunit of PS II, PsbS (Kim et al., 1994, Funk et al., 

1995) , is essential for qE (Li et al., 2000). The npq4 
mutant is devoid of PsbS, but exhibits normal ApH 
and xanthophyll cycle activity. Interestingly, that 
mutant not only lacked qE but also the pH-induced 
conformational changes indicated by the apparent 
absorbance change at 535 nm. This may indicate that 
binding of one or more protons to PsbS may be 
required for qE (Li et al, 2000). It is unclear, however, 
whether the quenching process occurs in PsbS itself 
or if protonation of PsbS induces quenching, e.g. in 
Lhcb4, Lhcb5 or Lhcb6. 

c. Quenching of Initial Fluorescence 

In agreement with the qE site being in the Chi a,b- 
binding antennae, where the xanthophyll cycle 
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pigments are located, qE was found to be associated 
with a quenching of Fq, at first wrongly attributed to 
state 1-state 2 transition (Bilger and Schreiber, 1986). 
The Fq quenching has been confirmed in numerous 
studies (see Horton and Ruban, 1992, 1993; Spunda 
et al, 1997; Thiele et al., 1997). At maximal qE, 
about 20-30% and in extreme cases up to 50% of Fq 
are quenched. The variability of Fq has consequences 
for the exact determination of quenching coefficients 
(Sections VA. and VB.2). Matters become more 
complex as the Fq quenching has been found to 
depend on the wavelength of fluorescence emission. 
Fq is quenched considerably less at 730 nm than at 
690 nm, as observed with a modulated two channel 
Hansatech fluorometer (Genty et al., 1990a). 
Obviously, the PS I component of Fq at A >710 nm, 
which is about 30% in C 3 plants and 50% in NADP- 
malic enzyme-type C 4 species (Section III.A), does 
not participate in the quenching. 

4. State-Transition Quenching, qT 

It has long been known that imbalances in the 
distribution of excitation energy between the two 
photosystems cause so-called state transitions that 
optimize the energy allocation (Bennett et al., 1980; 
Allen et al., 1981). The sensor of such imbalances 
appears to be the intersystem electron carrier 
plastoquinone (PQ). Dark-adapted leaves usually 
are in ‘state 1’, in which the PAR excites PS II more 
than PS I. Strong reduction of the PQ pool under this 
condition induces a decrease in the absorption cross 
section of PS II in favor of PS I; the system shifts 
towards ‘state 2’. If in state 2 the actinic light is 
preferentially absorbed by PS I, the PQ pool becomes 
more oxidized and the state transition is reversed. 
The decrease in PS II absorption cross section during 
state 1 - state 2 transition is reflected by a quenching 
of Chi fluorescence, termed qT. The transition is 
known to be achieved by phosphorylation of the 
peripheral LHCII that is controlled by the redox state 
of PQ and/or the cytochrome b^f complex (Allen, 
1992; Anderson, 1992). The phosphorylated LHCII 
is supposed to be detached from PS II, to move from 
the grana to the stroma lamellae of the thylakoids 
and to transfer absorbed light energy to PS I. The 
reversal of qT is mediated by a phosphatase and 
occurs in the dark with a half-time of about 4-8 min. 
Accordingly, qT relaxation can be abolished by NaF, 
a phosphatase inhibitor. The state transition may be 
viewed as one expression of a larger system of redox 



control of photosynthesis including the control of 
transcription of plastidic genes encoding for PS I and 
PS II reaction center proteins (Pfannschmidt et al., 
1999). 

Theoretically, the above mechanism of state 
transition should result in quenching of Fq propor- 
tional to the decrease in This has, in fact, been 
confirmed by a study with isolated spinach 
chloroplasts incubated with ATP in low light. Analysis 
of 77K fluorescence showed F^ quenching together 
with a decrease in PS II and increase in PS I fluores- 
cence (Krause and Behrend, 1983). The decrease in 
the fluorescence ratio PS II/PS I at 77K can serve to 
estimate qT under conditions when qE and ql are 
absent (Walters and Horton, 1991; 1993). 

However, the concept that the light energy absorbed 
by the phosphorylated LHCII complexes is trans- 
ferred to PS I is still debated. A linear relationship 
between the quenching of the PS II/PS I fluorescence 
ratio (at 77K) and qT with a slope of 1 .0 was found, 
but this slope should be larger than I.O, if energy 
transfer to PS I does occur (Walters and Horton, 
1991). No significant Fq quenching at room 
temperature associated with qT has been observed 
(Walters and Horton, 1993). Based on these results, 
the authors suggested that qT is caused by a non- 
photochemical dissipative process in the phos- 
phorylated LHCII complexes. At present, no final 
decision between these differing views is possible. 

The state transition appears to be a physiologically 
important regulation to optimize photosynthesis in 
low, limiting light, where quenching coefficients, 
qT^ , between 0. 1 to 0.2 can be observed (Horton and 
Hague, 1988; Walters and Horton, 1991; Jahns and 
Krause, 1994). Thus, qT is a relatively small 
quenching component, but can account for a 
significant portion of qN in low light. Adjustment of 
the PS II absorption cross section is of particular 
significance in environments with fluctuating 
conditions of light flux and light quality (see Chapter 
15, this volume). Under excessive light, qT appears 
to be largely suppressed, possibly through control by 
the high-energy state resulting from a high ApH 
(Fernyhough et al., 1984; Oxborough et al, 1987; 
Walters and Horton, 1991). 

5. Photoinhibitory Quenching, ql 

Non-photochemical quenching related to photo- 
inhibition of PS II, ql, describes the slowly relaxing 
(tj/ 2 > 1 0 min) components of qN that remain after qE 
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and qT have relaxed following a light-dark transition. 
As discussed in Section IV, ql is often expressed as a 
persistent decrease in Fy/Fj^, the potential efficiency 
of PS II. This parameter is preferred in many studies 
because of the close empirical relationship between 
Fy/Fj^ and optimal quantum yield of photosynthesis. 
When with increasing actinic light, photosynthesis 
and qE^ reach saturation, ql becomes a major 
component of total qN (Walters and Horton, 1993), 
the degree of it depending on PAR and time of 
irradiation, as well as on genotype and acclimation 
state of the plant. Relaxation of ql (‘recovery’) from 
photoinhibition usually proceeds faster in low light 
(optimally at about 30 jumol m~^ s~^) than in the dark 
(Skogen et al., 1986; Leitsch et al., 1994). In most 
cases, ql results almost exclusively from quenching 
of Fy, whereas Fq remains constant or exhibits an 
increase (e.g. Schnettger et al., 1994; Hong and Xu, 
1999). Like qE, ql indicates enhanced thermal 
dissipation of excitation energy in PS II, as shown by 
fluorescence characteristics at 77K (Demmig and 
Bjdrkman, 1987; Somersalo and Krause, 1989). Fy 
of both PS II and PS I at 77K are quenched, but the 
decrease in PS I fluorescence is less pronounced 
which results in a lowered PS II/PS I fluorescence 
ratio. 

Different mechanisms contribute to ql formation 
as is obvious from distinct phases of recovery kinetics 
seen in low light (Leitsch et al, 1 994). Photoinhibition 
of PS II and the associated fluorescence quenching 
has in many studies been assigned to an inactivation 
of the PS II reaction center, where particularly the D 1 
protein is affected and exhibits fast turnover viewed 
as a repair process (see Aro et al., 1993). In excessive 
light, inactive PS II centers accumulate in which the 
D1 protein is ‘marked’ for degradation. No net 
degradation of D1 occurs; rather, proteolysis of D1 
seems to proceed at the same rate as newly synthesized 
D1 becomes available for replacement (Aro et al., 
1992; Schnettger et al. 1992, 1994). Obviously, the 
inactive centers act as fluorescence quenchers keeping 
the PS II unit in the Fq state (Krause et al, 1990; 
Briantaisetal., 1992; Hong and Xu, 1999). However, 
as discussed below, inactivation and turnover of D1 
appears to occur as the last line of defense against 
adverse effects of excessive light. 

In experiments with spinach leaves, a fast phase of 
ql relaxation (up to about one hour) was shown to be 
unrelated to turnover of the D1 protein, as this phase 
was not abolished in the presence of streptomycin, 
an inhibitor of plastidic protein synthesis. A second 



slower phase of recovery (several hours) was inhibited 
by streptomycin, indicating that only the more slowly 
relaxing component of ql is based on D1 protein 
inactivation (Leitsch etal., 1994; Thiele etal., 1996). 
The fast phase of ql relaxation was found to be 
closely associated with reconversion of Zx or Zx+Ax 
to Vx in the xanthophyll cycle (Thiele et al., 1996; 
1998). In the presence of dithiothreitol, which fully 
inhibited formation of Zx during strong illumination, 
the fast recovery phase was absent and only slow ql 
relaxation supposedly related to D1 turnover was 
seen (Thiele et al., 1996). In a study with pea plants, 
both phases of ql relaxation were found to be 
kinetically related to Zx epoxidation (Jahns and 
Miehe, 1 996). Interestingly, a persistent high level of 
Zx in the thylakoid membrane as present in the npq2 
mutant of Chlamydomonas (Niyogi et al., 1997) not 
only reduced strongly the inactivation of PS II but 
also the degradation of D1 upon high-light stress 
(Jahns et al., 2000), indicating a protective role of Zx 
against photoinactivation of the PS II reaction center. 

The mechanism of the Zx-dependent ql has not 
been clarified. One has to assume that during long 
periods of high-light stress, Zx (or Ax) is increasingly 
bound to other sites of the LHCII than for qE 
formation. In contrast to qE, a putative quenching 
complex should still be effective after the ApH has 
relaxed and should not change Fq. Slow dissociation 
of Zx and Ax could make these xanthophylls available 
for epoxidation and result in ql reversion. An 
interaction of Zx with the reaction center core has 
also been discussed (Jahns and Miehe, 1996; Farber 
et al., 1997; Verhoeven et al., 1999). The reported 
conversion of ^carotene to Zx during turnover of the 
D1 protein in Chlamydomonas reinhardtii (Depka et 
al., 1998, Jahns et al., 2000) might represent Zx 
formation in the reaction center core. However, no 
strict experimental evidence is available so far to 
support this view. 

In leaves that are constitutively adapted and well 
acclimated to high-light stress and have a large pool 
and high turnover of xanthophyll cycle pigments, 
Zx-related ql seems to dominate, and D 1 inactivation 
and degradation to play a minor role. This was 
demonstrated for spinach cold-acclimated under 
excess light and for young sun leaves of tropical 
forest trees (Krause et al., 1995; 1999b; Thiele et al., 
1996, 1997). Also in leaves of high mountain plants, 
D1 protein turnover under light stress was found to 
be strongly reduced (Streb et al., 1997). After severe 
stress, in particular when exerted by low temperatures 
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combined with excessive light, high Zx+Ax levels 
may be maintained for extended periods, e.g. over 
night. In such cases, very slow relaxation of ql was 
also correlated with epoxidation (Adams et al, 1 995; 
Jahns and Miehe, 1996; Verhoeven et al, 1996; 
Demmig- Adams et al, 1998). It is unknown whether 
or to what extent D 1 turnover is involved here. 

It has been suggested that (part of) ql results from 
a persistent ApH sustained in the dark (or low light) 
by ATP hydrolysis (see Gilmore, 1997). This implies 
that the impact of preceding stress hinders the normal 
inactivation of the plastidic ATP synthase in the dark. 
ATP could be supplied by respiration, which is 
consistent with increased dark respiration rates seen 
upon photoinhibitory irradiation of leaves (Somersalo 
and Krause, 1990). Except for the mode of ApH 
formation, the mechanism of such ql would be 
identical with that of qE, although it does not account 
for the absence of Fq quenching in ql. In experiments 
with spinach, a significant part of ql could be reversed 
by infiltration with the uncoupler nigericin (Ruban 
and Horton, 1995b). But since no ApH could be 
detected upon chloroplast isolation, the nigericin- 
sensitive ql was ascribed to a conformational change 
that is reversed by action of nigericin. A recent study 
(Koroleva et al., 1998) demonstrated an ATP- 
dependent quenching that was relaxed by uncoupling 
with nigericin in spinach thylakoids isolated 
immediately after strong illumination of leaves at 
4°C. In spinach in the field during winter at leaf 
temperatures between -5 and +6 °C, high Zx+Ax 
levels were retained over night and associated with a 
substantial nigericin-sensitive ql. Leaves of Cucurbita 
maxima (pumpkin), a chilling-sensitive species, 
exposed to high light at 4 °C exhibited a nigericin- 
sensitive ql component persisting for several hours 
at room temperature in low light (30 jumol s~’), 
while slow de-epoxidation still took place for about 
one hour. As maintenance of an active de-epoxidase 
requires an acidic thylakoid lumen, these data suggest 
that, in fact, a low ApH built up by ATP hydrolysis 
and sustained Zx+Ax levels are responsible for part 
of ql. A strongly reduced epoxidase activity (Farber 
and Jahns, 1998) possibly supports the retaining of 
high levels of Zx and Ax. It should be noted that 
depending on conditions only a fraction of ql can be 
attributed to this mechanism. 

In summary, ql may consist of at least three 
components, based on (i) a persistent ApH and Zx+Ax 
level causing qE-type quenching, (ii) bound de- 
epoxidized xanthophylls that maintain a dissipative 



state in the absence of a ApH and (iii) inactivation of 
the PS II reaction center as manifested by subsequent 
DI protein degradation and replacement. The roles 
of Zx and D 1 protein turnover in non-photochemical 
quenching processes are schematically illustrated in 
Fig. 5. 



VI. Photosynthetic Yield and Rate of Linear 
Eiectron Transport Determined by 
Fiuorescence Analysis 

A. Quantum Efficiency of Photosystems II and I 

Genty et al. (1989) were first to report that in the 
steady state of photosynthesis or, more generally, at 
any time during continuous actinic illumination, the 
product of qP and F^ VFj^' (the potential efficiency of 
PS II in the light) is proportional to the apparent 
quantum yield of CO 2 assimilation. This applied for 
C 3 and C 4 plants under a variety of experimental 
conditions. As discussed above (VB. 1 ), the reduction 
in Fy/Fj^ caused by actinic light is an expression of 
non-photochemical quenching. In the model proposed 
by the authors, the product qP -F^ 7Fj^' represents the 
quantum efficiency of PS Il-driven electron transport, 
Opsij. With Eq. (1) for qP one obtains 

<&P3„ = qP-F;/F^' = (F^'-F)/F^' 

= AF/F^, (17) 

where F is the total fluorescence yield in the light and 
AF the fluorescence increment obtained with a 
saturating pulse (Fig. 4A). Thus, valuable information 
on PS II electron transport can be obtained just from 
the response of fluorescence to a saturating light 
pulse given during continuous illumination. Due to 
its simplicity, this approach has found wide 
application. 

Equation (17) is based on the model of Butler 
(1978), assuming a limitation of the primary 
photochemical reaction by the exciton transfer from 
the antennae to the reaction center. In contrast, the 
now widely accepted ‘exciton-radical pair equilibrium 
model’ (Schatz et al., 1988; Holzwarth, 1991; 
Holzwarth and Roelofs, 1992) is based on fast 
equilibration of excitation energy between antennae 
and reaction center and on reversibility of the primary 
charge separation. Model calculations that also 
considered connectivity between PS II units (Trissl 
andLavergne, 1994;LavergneandTrissl, 1995) have 
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Fig. 5. Scheme of hypothetical energy-dissipating states of PS II related to non-photochemical fluorescence quenching. Moderate light 
stress is thought to predominantly induce the fast relaxing qE state by action of the trans-thylakoid ApH and zeaxanthin (plus 
antheraxanthin). Stronger and longer lasting light stress leads to a reversible ql state in which supposedly more persistent binding of 
zeaxanthin is involved. When these protective mechanisms are overcharged, enhanced formation of active oxygen species from ground- 
state O 2 may inactivate the D1 protein in the reaction center. For reasons of simplicity, a possible contribution of a sustained ApH to the 
ql state and of xanthophyll involvement in relation to D1 turnover (see text) are not considered in the scheme. Adapted from Thiele et 
al. (1996) with permission from Elsevier Science. 



confirmed that equation (17) is approximately valid 
for this complex model. It was calculated that AF/Fj^ ' 
only slightly (by about 14%) underestimated the 
quantum efficiency of PS II. In a notable episode, an 
article by Holzwarth (1993), entitled ‘Is it time to 
throw away your apparatus for chlorophyll fluores- 
cence induction?’ was prompted by an earlier model 
study of Trissl et al. (1993) that contained a 
subsequently corrected computation error (Lavergne 
and Trissl, 1995). 

Studies on numerous plant species in most cases 
did not show a strictly linear correlation between 
d>psii and apparent quantum yield of CO 2 assimilation 
or C 02 -dependent O 2 evolution, Op. In particular, 
deviations from linearity were reported for C 3 plants 
when AF/Fj^' and Op were determined as function of 
PAR under photorespiratory conditions (Genty et al., 
1990b; Harbinson et al., 1990). This is plausible, as 
photorespiration reduces net CO 2 fixation at a given 
electron flux. A strong increase in the ratio Op^j/Op 



with temperature found for a C 3 plant in normal air 
was interpreted as a result of enhanced photo- 
respiration (Oberhuber and Edwards, 1993). Under 
non-photorespiratory conditions, as well as in C 4 
plants, Opgjj/Op was low and did not change 
significantly with temperature. In leaves of C 4 plants 
such as maize {Zea mays), where photorespiration is 
minimal, the model provided reasonable estimates of 
CO 2 assimilation at varying CO 2 concentrations, 
temperatures and light fluxes (Edwards and Baker, 
1993). When photorespiration was suppressed in C 3 
plants by saturating CO 2 , the plots of d>pg„ versus d>p 
were approximately linear under high and moderate 
light. The plots deviated from linearity in the region 
of high quantum yield (Op values above 0.04) as 
measured under low, limiting light (Seaton and 
Walker, 1990; Oquist and Chow, 1992). A similar 
relationship between Opg„ and measured electron 
transport rates was obtained with isolated thylakoids 
(Hermann et al., 1994). The curvilinear relation 
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between and Op (in the absence of photo- 
respiration) was uniform among many species 
including C 3 , C 4 and CAM plants, except for barley 
leaves (Oquist and Chow, 1 992). The curvature of the 
correlation can be minimized, if ‘ true ’ quantum yields 
of CO 2 assimilation, Oco 2 *j determined, con- 
sidering the fraction of absorbed light and the rate of 
CO 2 release by mitochondrial respiration (Oberhuber 
et al., 1993). The latter, however, is difficult to assess 
in a leaf under illumination. Remaining small 
deviations from linearity, seen below 5% of full 
sunlight, were tentatively attributed to variations in 
mitochondrial respiration or other processes, such as 
electron transfer to O 2 and nitrogen assimilation 
(Oberhuber et al., 1993). Thus, the relationship 
between Opgjj and Op has to be established for the 
plant system investigated and conditions applied in 
order to obtain exact information on Op from 
fluorescence data. But for many species, similar 
relationships can be expected under standardized 
conditions. 

Photoinhibited leaves exhibited reduced maximum 
values of both Op and Opg„, but the relationships 
between the two parameters were very similar to 
those of non-inhibited control leaves (Oquist and 
Chow, 1992). When fluorescence was monitored in 
sun leaves of tropical trees in situ during the course 
of the day, photoinhibition became apparent by 
reductions in Opg„, when after high-light exposure 
the PAR declined towards sunset or due to shading by 
clouds (Krause et al., 1995). The relationship between 
<I>pgjj and d>p did not change under drought stress 
(Comic and Briantais, 1 99 1 ). An approximately linear 
correlation between Opg„ and Op, measured at high 
CO 2 and an intermediate PAR, was observed in sugar 
beet {Beta vulgaris) leaves subjected to increasing 
iron deficiency (Morales et al., 1998). These examples 
show that the model can be well applied to study 
stress effects in plant leaves. 

The ‘Genty model’ has also been tested by 
simultaneous measurements of Opg„ and absorbance 
changes around 810 to 830 nm representing the 
quantum efficiency of PS I, Opg, (Harbinson et al., 
1989; 1990; Genty et al., 1990b; Klughammmer and 
Schreiber, 1994). Under conditions where cyclic 
electron transport around PS I was supposedly 
negligible, linear correlations between Opg„ and Opgj 
were found. PS I activity can now be conveniently 
measured with a supplementary device of the PAM 
system (Klughammer and Schreiber, 1998). Using a 
modulated dual wavelength (810 versus 860 nm) 



measuring light, P700 oxidation in actinic light is 
recorded as absorbance change, AA8 1 0. The maximal 
absorbance change, AA810j^^^, obtained under 
saturating far-red light (or by a short saturating pulse 
of white light), denotes full oxidation of P700 and 
provides a measure of PS I electron transport capacity. 
The proportion of P700 that remains reduced in the 
steady state of illumination then is 

P700,,,= 1-AA810/AA810_, (18) 

which may be taken as an estimate of Opgj (Genty et 
al., 1990b). 

In a more complex model (Weis and Berry, 1987), 
two PS II populations, one with ‘normal’ activity and 
the other with energy-dissipating reaction centers 
were postulated. This model predicts a linear negative 
correlation between Og/qP and qN^., where Og is the 
quantum yield of PS II electron transport in the 
steady state and d>g/qP denotes the quantum yield of 
open reaction centers. Such linear correlation has 
been documented for several species (Weis and Berry, 
1987; Sharkey et al., 1988; Oquist and Chow, 1992). 
An exception was barley, which showed a curvilinear 
relationship. As it is now well established that the qE 
component of qN is based on energy dissipation in 
the Chi a/b antennae rather than in the reaction 
centers, the model of Weis and Berry would need 
some modification. However, from their comparative 
study, Oquist and Chow (1992) concluded that on an 
empirical basis, both models provide useful means 
to predict photosynthetic function from fluorescence 
measurements. But the authors point out that the 
relationships between photosynthesis and fluores- 
cence in the two models are not universal. The model 
of Weis and Berry (1987) requires Fq determination 
to calculate qP and qN^^ values, which makes the 
model of Genty et al. (1989) easier to apply. 

B. Electron Transport through PS II 

From the fluorescence parameter Opgjj (equation 1 7), 
rates of PS Il-driven electron transport, Jp, can be 
calculated. As <t>pgjj represents the number of electrons 
transferred per photon absorbed by PS II, the rate of 
electron transport (mol e“ m~^ s^*) is 

J, = Op3„-I-fl-/, (19) 

where I is the incident PAR (mol photons m^^ s~’), a 
is the fraction of light absorbed by the leaf, and / the 
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fraction of absorbed light energy distributed to PS II 
(Krall and Edwards, 1992). The absorbance can be 
measured with an integrating sphere (Demmig and 
Bjorkman, 1987; Krause et al, 1995) and usually is 
around 0.84 in non-succulent mature leaves. Young 
developing leaves may, however, have a significantly 
lower absorbance depending on the pigment content 
per leaf area unit. For the steady state of photo- 
synthesis, an approximately even distribution of 
excitation energy between PS II and I can be assumed, 
i.e. / = 0.5. In many cases, for ‘normal’ mature 
leaves, Jp can be estimated without determination of 
a using the simple equation 

Jp = 0.42Op3„-L (20) 

If the net CO2 assimilation rate, Aco25 is measured 
simultaneously with fluorescence, the number of 
electrons transported through PS II per mol CO2 
fixed, Q ICO 2 = Jp/Aco2? is obtained (Krall and 
Edwards, 1992). The theoretical minimum of q 
is 4. Data from measurements under different PAR 
show values of q between about 5 and 6 in C4 
plants and 9-1 3 in C3 plants (under air levels of CO2). 
The much higher values exhibited by C3 species were 
attributed to CO2 loss by photorespiration. In a study 
of tropical trees under full natural sunlight (Krause et 
al., 1995), q ICO^ increased during the ‘midday 
depression’ of photosynthesis to values between 15 
and 23 . Such decreased efficiency of net CO2 fixation 
may be explained by increased rates of photo- 
respiration due to partial closure of stomates and 
very high leaf temperatures. Also enhanced rates of 
electron transfer to O2 (Mehler reaction) may 
contribute to increased t ratios. Thus, 

simultaneous determination of Jp and Aco2 allows to 
estimate the partitioning of PS II electron transport 
between reactions that do or do not result in carbon 
gain (Comic and Briantais, 1991). 

With commercially available instrumentation 
(MINI-PAM), Jp can be determined in a rapid 
succession of saturating pulses applied, e.g. every 10 
s, under stepwise increasing actinic irradiance (White 
and Critchley, 1 999). From the data, a light-saturation 
curve of Jp is obtained termed ‘rapid light curve’ that 
provides useful information on the state of the 
photosynthetic apparatus, for instance on the 
maximum electron transport rate at the chosen time 
of measurement. 



VII. Application of Chiorophyii 
Fiuorescence in the Study of Mutants 

Chi fluorescence has become one of the most powerful 
tools not only to study and characterize but 
particularly to identify mutants with defects that 
affect photosynthetic electron transport. The most 
simple method for this purpose is the detection of the 
so-called high Chi fluorescence {hcf) phenotype of 
randomly generated mutants. This method has already 
been introduced more than 30 years ago by Gamier 
(1967) and Bennoun and Levine (1967) for the 
detection of mutants in green algae. The basic concept 
of this method is that any inhibitory effect on electron 
flow through the photosynthetic electron transport 
chain will result in an increased portion of excitation 
energy that is re-emitted as Chi fluorescence. Since 
the early 1980s, when this method was applied by 
Miles (1980; 1982) to higher plants, a large number 
of hcf mutants have been identified in Chlamy- 
domonas reinhardtii, Zea mays, Hordeum vulgare 
and Arabidopsis thaliana (e.g. Bennoun and 
Delepelaire, 1982; Simpson etal., 1985; Somerville 
1986; Taylor etal., 1987; Dinkins etal., 1994, 1999; 
Meureretal., 1996). 

Mutants that can be isolated on the basis of the hcf 
phenotype usually cover all kinds of defects in the 
functions of PS II, cytochrome bj', PS I, photo- 
phosphorylation, CO2 fixation and other processes 
related to the photosynthetic electron transport. The 
most important advantage of the hcf phenotype is 
that it can easily be determined just by eye under 
illumination of plants/algae with UV light. Thus, this 
procedure does not require any expensive instru- 
mentation. However, the information about the 
specificity of an identified mutant is low. The 
determination of a few parameters by pulse 
modulation fluorometry can subsequently be used 
for a classification of the different mutants. Plants 
with defects in complexes of the photosynthetic 
electron transport chain can be simply identified by 
determining PS II fluorescence parameters such as 
Fy/Ff^, qN and qP in combination with measurements 
of the redox kinetics of P700 (Section VI. 1), all 
during a 5 to 10 min illumination period with non- 
saturating actinic light (Meurer et al., 1996). PS II 
mutants are expected to show no or a strongly 
decreased yield of maximum variable fluorescence, 
Fy (Simpson and von Wettstein, 1980; Meureretal., 
1996) while PS I mutants can be identified by the 
absence of P700 absorbance changes (Harbinson 
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and Woodward, 1987; Meurer et al, 1996). Mutants 
with defects in the electron transport chain between 
plastoquinone and plastocyanin show a similarly 
high Fy as PS I mutants, but are distinguishable from 
those by the presence of PS I-related absorbance 
changes in the far-red region (Meurer et ah, 1996). 
Moreover, a variety of other mutants with deficiencies 
in assimilation of CO 2 , NO 3 and SO 4 " can be identified 
by the hcf phenotype. Thus, screening for the hcf 
phenotype helps to identify mutants with a wide 
range of primary lesions, ranging from defects in the 
expression of proteins and the assembly of protein 
complexes to more complex phenomena like 
disturbed regulation of enzyme activities and signal 
transduction. 

In a different approach, the post-illumination 
fluorescence rise (transient apparent Fq increase; 
Section III.A) has been used to identify and study 
transgenic tobacco plants containing mutated plastidic 
genes encoding subunits of the NAD(P)H:plasto- 
quinone oxidoreductase (Kofer et al., 1 998; Burrows 
et al., 1998). By combining molecular-genetic 
methods with analyses of Chi fluorescence and P700 
absorbance changes, the functionality of this enzyme 
in chloroplasts has been proven. 

Refined methods of fluorescence measurement 
have emerged during the last years based on the 
progress in video imaging of Chi fluorescence by the 
application of Charge-Coupled Device (CCD) 
cameras in combination with computer videoboards 
(see Kramer and Crofts, 1996). The development of 
these techniques made it rather simple and thus 
practical to map the photosynthetic performance of 
the surface of a leaf, different leaves of a plant or 
leaves from different plants on a single image (Daley 
et al., 1989; Mott et al., 1993; Genty and Meyer, 
1994; Rolfe and Scholes, 1995; Siebke and Weis, 
1995;Lichtenthaler, 1996;Lichtenthaleretal., 1996; 
Meyer and Genty, 1998). However, video imaging of 
fluorescence is not only useful for monitoring the 
heterogeneity of photosynthetic activities and stress 
responses in different regions of a leaf or a plant, but 
it is also an important method for screening 
photosynthetic mutants. 

The progress in computer technology made it also 
very simple and affordable to do kinetic fluorescence 
imaging (although the time resolution is rather low), 
increasing the yield of information during the 
screening for mutants dramatically. Kinetic fluores- 
cence imaging may allow a specific screening for 
more limited genetic defects. This helps to 



significantly reduce the number of mutants that have 
to be investigated in more detail by other (bio- 
chemical, biophysical or genetic) methods. 

Using such imaging procedures, Niyogi and co- 
workers were able to identify several mutants with 
defects in non-photochemical quenching of Chi 
fluorescence (Niyogi etal., 1997, 1998; Niyogi, 1999, 
Li et al., 2000). Physiological and genetic analysis of 
the mutants brought large progress in the under- 
standing of the different mechanisms that may be 
involved in photoprotection by thermal energy 
dissipation (Section VB.3). Fluorescence imaging 
together with modulated fluorescence recording and 
fluorescence spectroscopy at 77K served to identify 
state transition mutants of Chlamydomonas rein- 
hardtii (Kruse et al., 1999). 

One severe limitation of most video imaging 
systems is the rather low time resolution, which e.g. 
does not allow for an exact measurement of Fq and 
Fj^. Any more detailed analysis of kinetics requires 
therefore the use of a separate instrumentation such 
as modulation fluorometers which can be used for 
time resolved analyses of fluorescence transients. A 
method to calculate ¥q' from fluorescence images 
and thus to obtain the values for qP and FyVFj^' has 
been published by Oxborough and Baker (1997). 
Very recently a new imaging instrument has been 
developed which combines the advantage of 
modulated measuring light with video imaging of 
chlorophyll fluorescence (L. Nedbal, personal 
communication). This technique may open the door 
for more refined screening procedures and allow to 
identify new, so far unapproachable mutants. 

VIII. Conclusion and Perspectives 

The Chi fluorescence parameters discussed in this 
chapter are easy to measure in leaves of vascular 
plants both in the laboratory and in the field by 
means of standard commercial instruments. This 
simplicity has allowed the wide application of 
modulated fluorescence. The review of the literature, 
however, shows that the interpretation of parameters 
supplied by modulation fluorometers is complex, the 
underlying mechanisms are not fully clarified and 
theoretical models have limitations. Moreover, 
problems of accurate measurements, e.g. of Fq and 
Fj^ under varying conditions may arise. Nevertheless, 
fluorescence parameters provide important informa- 
tion on photosynthetic performance in plants, even if 
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on a half-empirical basis. Care should always be 
taken not to over-interpret fluorescence data, and to 
cross-check their validity by other methods in the 
plant system studied. 

As standard equipment for fluorometry has been 
improved in the last decade almost to perfection, a 
trend towards more specialized applications can be 
seen. Progress is apparent in fluorescence analyses 
of systems with very low Chi content such as 
phytoplankton, both by means of non-modulated 
(Kolber et al., 1998) and modulated fluorescence 
(Schreiber, 1998). Such measurements require a 1000 
to 1 0 000 times higher sensitivity than for fluorescence 
detection in plant leaves with high Chi density (see 
Chapter 15). Highly sensitive modulation fluor- 
ometers can now be applied to measure Chi 
fluorescence in a single cell, protoplast or even 
chloroplast (Schreiber, 1998; Gohetal, 1999). Other 
specialties include measurement inside a leaf with a 
fiber-optic microprobe (Schreiber et al., 1996), 
underwater fluorometry (Schreiber et al., 1997) and 
determination of the transmittance of ultraviolet light 
through the leaf epidermis (Bilger et al., 1997). 
Refined and specialized equipment will certainly 
open further fields for the Chi fluorescence method. 
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Summary 

The structural, as well as the functional, light-harvesting antenna size of the photosystems in plants, green algae 
and cyanobacteria may vary as a function of either short term stress or long term acclimation to high or low 
irradiance, suboptimal or supraoptimal temperatures as well as limitations in nutrient and water availability 
Modulation of antenna size in response to such environmental perturbations is part of a complex response called 
photoacclimation. A common effect of changes in these environmental factors is the creation of an imbalance 
between the energy absorbed through photochemistry and the energy utilized through the electrochemical 
reactions of electron transport which are coupled to the metabolic reduction of C, N and S. Either short term 
stress or long term acclimation to these environmental conditions, independently or in combination, may lead 
to irreversible photodamage or the induction of photoprotective mechanisms. Since there is a consensus in the 
literature that the structure and function of Photosystem II are generally more sensitive to changes in these 
environmental conditions than Photosystem I, we focus our discussion on the role of the light-harvesting 
antenna of Photosystem II in photoprotection through the maintenance of a balance between energy input 
through photochemistry and subsequent energy utilization through metabolism. The predisposition of 
photosynthetic organisms to maintain such a balance in energy budget is defined as photostasis. Any change in 
either photon flux, temperature, nutrient status or water availability may cause an imbalance in energy budget 
which occurs whenever o-pgu* I >n • where CTpsu is the functional absorption cross section of PS II, I is the 
incident photon flux, n is the number of photosynthetic units and is the rate at which metabolism consumes 
photosynthetically genereated electrons. Photosynthetic acclimation, induced by short and long term exposures 
to low or high light, low temperature, nutrient and water limitation, is discussed with respect to the modulation 
of CTpsii^ I, and metabolic sink capacity (t~ 0 to restore photostasis and minimize photodamage to PS II in plants, 
green algae and cyanobacteria. It appears that the plastoquinone pool and/or the Cyt b^f complex may act as the 
primary sensor for the maintenance of photostasis. We suggest that sensing/signaling associated with 
environmentally induced energy imbalances in terrestrial plants, green algae and cyanobacteria appears to exert 
a broad influence on diverse molecular, physiological and developmental process which is consistent with the 
concept of a ‘grand design of photosynthesis’ initially proposed by Daniel Arnon in 1982. 



I. Introduction 

Energy in the form of light enters the biosphere 
through the process of photosynthesis and ultimately 
sustains virtually all living organisms. The primary 
photochemical reactions of PS II and PS I are 
dependent upon the absorption of light by the light- 
harvesting antenna pigments and the subsequent 
excitation migration to reaction centers, P^go and P^^q 
to induce a stable charge separation. Distinct integral 
membrane chlorophyll-protein complexes are 

Abbreviations: EPS - epoxidation state of xanthophyll cycle 
pigments; I -- absorbed photon flux; Lhca, Lhcb(l- 6 ) - 
polypeptides of LHCI, LHCII; LHCI, LHCII - light-harvesting 
antennas of PS I, PS II; PQ - plastoquinone; PsaA/PsaB - 
polypeptides of PS I reaction center; - primary quinone 
acceptor of PS II; qE - energy-dependent quenching of 
fluorescence; qN - non-photochemical quenching of fluorescence; 
qP - photochemical quenching of fluorescence; d>appC 02 - 
apparent quantum yield of CO2 assimilation; d>^pp02 - apparent 
quantum yield of O2 evolution; (Tp^,, - functional absorption 
cross-section of PS II; - rate of electron consumption 



associated with the reaction center proteins of PS II 
(PsbA and PsbD) and PS I (PsaA and PsaB) to 
facilitate the absorption of light and subsequently 
transfer the excitation energy to the respective reaction 
centers (Jansson, 1994; Green and Durnford, 1996). 
The Lhcb family of polypeptides that function as 
light-harvesting antenna for PS II, and the Lhca 
family of polypeptides that function as light- 
harvesting antenna for PS I typically noncovalently 
bind the pigments Chi a, Chi b as well as carotenoids. 
Violaxanthin, a light-harvesting xanthophyll, can be 
photo-converted to the energy quenching molecules 
antheraxanthin and zeaxanthin which are involved in 
the non-photochemical dissipation of light energy 
whenever the absorption of light energy exceeds the 
capacity for CO 2 assimilation (Demmig- Adams and 
Adams, 1996; Horton et al., 1996; Yamamoto and 
Bassi, 1996; Niyogi et al., 1998; Demmig-Adams et 
al., 1999; Gilmore and Govindjee, 1999; Yamamoto 
et al., 1999). Recently, Li et al. (2000) isolated a 
mutant of Arabidopsis thaliana, designated nqp4-l, 
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that is defective in non-photochemical quenching of 
excess light. Although all other LHC polypeptides 
associated with PS II (Lhcb 1 -Lhcb6) were present at 
normal levels, nqp4-l lacks the PsbS gene product 
(Li et al., 2000), an intrinsic chlorophyll-binding 
protein associated with PS II (Funk et al., 1995). 
Although the precise location of PsbS within the 
PS II supermolecular complex has yet to be 
determined unequivocally (Nield et al., 2000), it is 
clear that PsbS functions in a photoprotective rather 
than a light-harvesting role. 

Since changes in environmental conditions such 
as light, temperature, water and nutrient availability 
may modulate the photochemical reactions of 
photosynthesis to a different extent than the 
biochemical reactions involved in carbon reduction 
cycle, photorespiration, nitrogen and sulfur assimil- 
ation, photosynthetic organisms must constantly 
balance the energy absorbed through photochemistry 
versus the energy utilized through metabolism. The 
predisposition of photosynthetic organisms to main- 
tain a balance in energy budget is defined as photo- 
stasis. 

A. Adaptation, Acclimation and Stress 

Plants, algae and cyanobacteria can experience and 
must adjust to wide daily and seasonal fluctuations in 
environmental conditions such as light and temper- 
ature. Responses to these changes can be divided 
into two principal components. Adaptation is a 
genotypic response to environmental changes which 
results in alterations to the genome that are stable 
and remain in the population over generations. In 
contrast, acclimation is a response induced by an 
environmental change which causes a phenotypic 
alteration with no change in genetic complement. 
Acclimation is usually initiated by a stress response 
which can be defined as transient, physiological, 
biochemical and molecular perturbations to short, 
abrupt changes in the environment. Although this 
stress response may initially exhibit a dampening 
phenomenon, exposure to the stress for extended 
periods of time may subsequently establish a new 
stable, acclimated state which usually involves some 
developmental change in response to the new 
environmental condition (Falk et al., 1996). Thus, 
terrestrial plants, green algae and cyanobacteria that 
are able to acclimate to an initial stress condition are 
considered stress tolerant whereas those organisms 
that are unable to acclimate and eventually succumb 



to the initial stress are considered to be susceptible or 
sensitive. 

B. Photostasis 

Research over the past decade on photosynthetic 
acclimation to light in terrestrial plants, green algae 
and cyanobacteria has shown that the pigment and 
polypeptide compositions of LHCII, LHCI and 
cyanobacterial phycobilisomes are not fixed but are, 
in fact, very dynamic (Anderson, 1986; Falkowski 
andLaRoche, 1991; Melis, 1991; Fujitaetal., 1994; 
Grossman et al., 1994). The antenna size of the 
photosystems is variable and inversely related to 
growth irradiance which reflects a photoacclimation 
mechanism which attempts to maintain a balance 
between energy input through photochemistry and 
subsequent energy utilization through metabolism 
(Melis et al., 1985; Anderson et al., 1995; Huner et 
al., 1998; Melis, 1998). The ability to adjust the 
light-harvesting capacity in response to growth 
irradiance to maintain this energy balance is indicative 
of photostasis with respect to the absorption of light 
by chloroplasts (Melis, 1998). Since the photo- 
synthetic apparatus of plants and green algae resides 
in the chloroplast whereas the genes that code for the 
light-harvesting polypeptides are nuclear encoded, 
clearly photostasis must involve the exchange of 
information between the chloroplast and the nucleus, 
perhaps via the elusive ‘plastid factor’ (Taylor, 1989; 
Gray, 1996;Kropatetal., 1997, 2000). The oxidation 
of PS II by PS I via the intersystem electron chain is 
considered to be the rate limiting process in 
photosynthetic electron transport (Haehnel, 1984). 
According to Durnford and Falkowski (1997): 

Energy Absorption = (Tps,pl 

where dps,, is the functional absorption cross-sectional 
area of PS II and I is the incident photon flux. This 
product is, by and large, insensitive to temperature in 
the biologically significant range. Under light 
saturating conditions, the rate of utilization of the 
absorbed light through temperature-sensitive 
photosynthetic electron transport and the ultimate 
use of these photosynthetic electrons to reduce carbon, 
oxygen, nitrogen and sulfur can be estimated as: 

Energy Utilization = n*T“* 

where n is the number of photosynthetic units and 
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is the rate at which photosynthetic electrons are 
consumed metabolically through C assimilation, N 
and S assimilation, as well as through the photores- 
piratorypathway Thus, photostasis would be attained 
whenever energy absorption equals energy utilization. 
Falkowski and Chen (Chapter 15) have derived an 
equation which denotes this balance or photostatic 
state. 

^psii ’ I ~ W *T 

Consequently, photoacclimation, which may be 
defined as the specific mechanism by which an 
organism attempts to regain the photostatic state 
after exposure to some environmental change, should 
be induced whenever 

n > CTpsii • I > n -T h 

Accordingly, exposure to excess excitation energy 
or ‘excitation pressure’ (Huner et al., 1998) could be 
induced by changes in several different environmental 
parameters such as: (1) increasing growth irradiance 
at constant temperature which would increase I, (2) 
decreasing growth temperature at a constant 
irradiance which would decrease (3) drought 
which would lead to stomal closure and CO 2 
limitations in C3 plants which would decrease T"* 
and (4) by nutrient limitations such as iron, nitrogen 
or sulfur deprivation which would also potentially 
decrease In all cases, photostasis could be attained 
by either reducing orps„ by reducing light-harvesting 
antenna size and/or reducing the effective absorption 
cross-sectional area of PS II through an increased 
capacity for non-photochemical quenching in the 
antenna. These mechanisms to adjust CTp^jj would 
reduce photosynthetic efficiency measured as either 
the apparent quantum yield of CO 2 assimilation 
(d>appC 02 ) or the apparent quantum yield of O 2 
evolution (d>app02). In addition, I could be reduced 
either by changing leaf angle relative to the incident 
radiation, leaf optical properties (Vogelmann et al., 
1 996), chloroplast orientation within mesophyll cells 
(Brugnoli and Bjorkman, 1992) or position in the 
water column in the case of green algae and 
cyanobacteria (Falkowski, 1983). However, during 
exposure to either low temperature or high light, 
photostasis also could be attained by increasing sink 
capacity (T“^. This may be accomplished by elevating 
the levels of Calvin cycle enzymes which would 
increase the capacity for CO 2 assimilation (Pmax) or 



photorespiration relative to electron transport. 

Alternatively, the attainment of photostasis upon 
exposure to low, limiting irradiance may be attained 
either by increasing CTpgjj through an increase in 
light-harvesting antenna size and/or through an 
increase in the effective absorption cross-sectional 
area of PS II as a result of a reduction in the capacity 
for non-photochemical quenching. These mechan- 
isms to adjust (Tpgij would increase both d>^ppC 02 and 
^app® 2 - Clearly, in nature, photoautotrophs may 
exploit any one or a combination of these mechanisms 
to attain photostasis in an environment which exhibits 
daily as well as seasonal changes in irradiance, 
temperature, water availability and nutrient status. 



II. Stress and Photostasis 

A. State Transitions and Photosystem 
Stoichiometry 

Maximum photosynthetic efficiency of oxygenic 
photosynthesis requires the co-ordinated interaction 
of PS II and PS I in linear electron transport. Although 
the spectral distribution of the solar radiation reaching 
the earth is characterized by approximately constant 
emission in the photosynthetically active region of 
450 to 700 nm, this emission profile is attenuated 
significantly due to filtering through either aquatic 
environments (Falkowski, 1983), crop and forest 
canopies (Bjorkman and Ludlow, 1972), or through 
a single leaf (Vogelmann et al., 1996). Such 
attenuation inevitably results in a short-term 
imbalance in the absorption of light between PS II 
and PS I which causes a decreased efficiency of 
linear electron transport. In terrestrial plants and 
green algae, light absorbed preferentially by PS II 
relative to PS I (state 2) leads to an over-reduction of 
the PQ pool whereas preferential excitation of PS I 
relative to PS II (state I) results in oxidation of the 
PQ pool. The reduction of the PQ pool induces a 
thylakoid protein kinase to phosphorylate reversibly 
a portion of the peripheral Lhcb antenna polypeptides 
which subsequently migrate from PS II in the stacked 
thylakoid regions to PS I in the unstacked regions 
(Allen et al., 1981). Recently, Lunde et al. (2000) 
reported that a specific PS I subunit, PS I-H, is an 
absolute requirement for state transitions in 
Arabidopsis thaliana. In the absence of PS I-H, 
LHCII can not transfer energy to PS I. Oxidation of 
the PQ pool stimulates the dephosphorylation of 
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these Lheb polypeptides through a protein phos- 
phatase whieh results in the subsequent migration of 
this population of Lheb from unstacked thylakoids 
back to PS II present in granal stacks. Thus, the 
regulation of state 1 -state 2 transitions by the redox 
state of the thylakoid PQ pool reflects a mechanism 
to counteract the uneven absorption of light by PS I 
and PS II by adjustment of ap^u to maintain 
photostasis and to ensure maximum photosynthetic 
efficiency on a short term basis. The mechanism by 
which state transitions occur in cyanobacteria remains 
controversial (Bruce et al., 1989). 

However, in addition to light induced state 
transitions, nitrogen assimilation in the green alga, 
Selenastrum minutum, can also induce state 
transitions (Turpin and Bruce, 1990). Nitrogen- 
limited cultures of this green alga respond to the 
increased demand for ATP during NH 4 assimilation 
(ATP / NADPH = 5) relative to either NO 3 (ATP / 
NADPH = 1.2) or CO^ assimilation (ATP / NADPH 
= 1 .5) by undergoing a state transition. This results in 
the redirection of excitation energy away from PS II 
and towards PS I to ensure an increased production 
of ATP by cyclic electron transport (Turpin and 
Bruce, 1990). 

In photosynthesis, it is assumed that PS I and PS II 
are connected in series with PS II reducing the 
intersystem electron components (PQ, Cyt PC) 
and PS I oxidizing these electron carriers. Alterations 
in the relative contents of PS I and PS II reaction 
centers represent another mechanism to ensure equal 
rates of electron flow through both PS I and PS II to 
maximize the photosynthetic efficiency (Allen and 
Pfannschmidt, 2000). Modulation of PS I/PS II 
stoichiometry reflects adjustments of n. It has been 
proposed by Fujita et al. (1994) that modulation of 
photosystem stoichiometry is a response to changes 
in the redox state of the intersystem electron transport 
chain. Pfannschmidt et al. (1999) have shown that 
the transcription of the chloroplast encoded psbA 
and psaAB are controlled by the redox state of the PQ 
pool. Thus, over-reduction of the PQ pool by the 
preferential excitation of PS II not only favors the 
phosphorylation of LHCII but also the activation of 
psaAB transcription and the repression of psbA. 
Conversely, oxidation of the PQ pool by preferential 
excitation of PS I not only favors de-phosphorylation 
of LHCII but also the activation of transcription of 
psbA and the repression of psaAB (Pfannschmidt et 
al., 1 999; Allen and Pfannschmidt, 2000). Thus, PQ, 
the redox sensor that controls state transitions, also 



appears to be the sensor that regulates chloroplast 
photosystem stoichiometry. It appears that redox 
regulation of state transitions may be a mechanism to 
balance excitation energy on a very short time scale 
under light limiting conditions whereas redox 
regulation of photosystem stoichiometry through 
control of chloroplast gene transcription may 
represent a longer-term mechanism to correct for 
imbalances in the excitation of PS I and PS II (Allen 
and Pfannschmidt, 2000). 

B. Photoprotection 

1. High Light 

Photoinhibition of photosynthesis is defined as the 
light dependent decrease in photosynthetic rate which 
may occur whenever the photon flux is in excess of 
that required for photosynthesis (Long et al., 1994), 
that is, whenever 

£7ps„ • I > n • T-' 

Photoinhibition is usually measured as a decrease 
in either d>^pp 02 , d>^ppC 02 or the maximum photo- 
chemical efficiency of PS II (Fv/Fm) estimated 
through room temperature Chi a fluorescence (Krause 
andWeis, 1991). The use of the term ‘photoinhibition’ 
has lead to some confusion in the literature. First, 
photoinhibition is used with reference to the decrease 
in photosynthetic efficiency due to the irreversible 
inhibition of the function of PS II reaction centers as 
a consequence of irreversible photo-oxidative damage 
to the D1 reaction center polypeptide (Aro et al., 
1993; Ohad et al., 1994; Melis, 1999). We will refer 
to this process as photodamage. To counteract this 
irreversible PS II photodamage, photoautotrophs have 
evolved a complex PS II repair mechanism which 
involves the removal of damaged D1 polypeptide 
followed by its replacement through de novo synthesis 
of the D 1 polypeptide and its subsequent assembly 
into functional PS II reaction centers. Thus, in this 
context, photoinhibition of PS II is the result of an 
imbalance between the rate of repair of PS II versus 
the rate of damage (Melis, 1999). However, the term 
photoinhibition is also used with reference to the 
reversible decrease in photosynthetic efficiency as a 
consequence of an increase in thermal energy 
dissipation (qN, non-photochemical quenching) 
which leads to a decrease in the effective (Jps„ and a 
down regulation of PS II activity (Oquist et al.. 
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1992). This process, or any other process, which 
protects PS II from over-excitation will be referred to 
as ‘photoprotection’ (Oquist et ah, 1992a). 

Under normal physiological conditions, energy- 
dependent quenching (qE) is considered to be the 
major component of total qN and is dependent upon 
the extent of pH across the thylakoid membrane 
(Horton et al., 1 996). It has been suggested that qE is 
the result of a localized W domain within Lhcb and 
that, as a consequence, the site of energy-dependent 
quenching is the major PS II light-harvesting 
polypeptides, Lhcb 1 andLhcb2 (Horton etal., 1996). 
However, the roles of LHCII versus the minor antenna 
complexes of PS II in the mechanism of qE have 
been controversial (Falk et al., 1994; Jahns and 
Krause, 1994; Chapter 13, Krause and Jahns). 
However, recently Li et al. (2000) isolated a mutant 
of Arabidopsis thaliana, designated nqp4-l, that is 
deficient in non-photochemical quenching. Although 
all other LHC polypeptides associated with PS II 
(Lhcbl-Lhcb 6 ) were present at levels comparable to 
the wild type, nqp4-l lacks the PsbS gene (Li et al., 
2000 ) which codes for an intrinsic chlorophyll- 
binding protein associated with PS II (Funk et al, 
1995). Although the precise location of PsbS within 
the PS II supermolecular complex has yet to be 
determined unequivocally (Nield et al., 2000), it is 
clear that PsbS functions in photoprotection of PS II 
rather than in light-harvesting. 

Carotenoids are generally considered to function 
either to harvest light or to protect the photosynthetic 
apparatus through the de-excitation of singlet oxygen 
(^© 2 ) and / or the triplet excited state of chlorophyll 
(Yamamoto and Bassi, 1996; Yamamoto etal., 1999). 
However, it is now established that the xanthophyll, 
zeaxanthin, is involved in the nonphotochemical 
dissipation of excess light (Demmig-Adams and 
Adams, 1996; Demmig-Adams et al., 1999). The 
xanthophyll cycle consists of the light-dependent de- 
epoxidation of the diepoxide violaxanthin, via the 
monoepoxide antheraxanthin, to the epoxide-free 
zeaxanthin (Yamamoto and Bassi, 1996). Further- 
more, these xanthophyll carotenoids are associated 
with both the major LHCII components (Lhcbl and 
Lhcb2) as well as the minor LHCII antenna (Thayer 
and Bjdrkman, 1992). There is now a consensus that 
a close relationship exists between qN, thylakoid pH, 
the xanthophyll cycle and the antenna complexes 
(Demmig-Adams and Adams, 1996; Gilmore, 1997; 
Gilmore et al, 1998; Gilmore and Govindjee, 1999; 
Gilmore and Ball, 2000). However, non-photo- 



chemical quenching is not always correlated with 
zeaxanthin accumulation due to xanthophyll cycle 
activity (Hurry et al., 1997). 

The reversible interconversion of the light- 
harvesting xanthophyll, violaxanthin, to the energy 
quencher, zeaxanthin, can occur over periods of 
minutes to hours upon exposure to excessive radiation. 
Recently Logan et al. (1998a) examined the 
xanthophyll cycle-dependent energy dissipation 
during the rapid transfer of shade-adapted Cucurbita 
pepo L. and Vinca major L. to full sun light under 
field conditions. Damage to PS II reaction centers 
was considered to be minimal since no strong 
depressions in the pre-dawn values of Fv/Fm were 
observed, which is consistent with the report regarding 
daily exposure of wheat to high light (Hurry et al., 
1992). However, a rapid increase in the xanthophyll 
cycle conversion state measured as zeaxanthin plus 
antheraxanthin as a fraction of total xanthophylls 
was observed with a concomitant decrease in PS II 
photochemical efficiency upon exposure to full 
sunlight. Thus, acclimation to high light appears to 
result in a persistent engagement of de-epoxidized 
xanthophylls for energy dissipation through PS II 
antenna (Logan et al., 1 998a) which, as a result, leads 
to a decrease in OTp^jj. 

2. Drought 

Somerville and Ogren (1982) showed that a series of 
mutants of Arabidopsis thaliana deficient in the 
photorespiratory pathway could grow only under 
non-photorespiratory conditions. This pathway is 
initiated by the fixation of O 2 by Rubisco producing 
phosphoglycerate plus phosphoglycolate which is 
metabolized in the photorespiratory pathway to form 
the Calvin cycle intermediate glycerate-3-phosphate, 
CO 2 and NH 3 . Although it appears that photo- 
respiration should be a wasteful process, it could 
serve as important energy sink (t "0 through its 
consumption of ATP and NADPH thus preventing 
the overreduction of the photosynthetic electron 
transport chain and photoinhibition. Transgenic 
tobacco exhibiting reduced levels of the photo- 
respiratory enzymes, glycolate oxidase (Yamaguchi 
andNishimura, 2000) or glutamate synthase (Kozaki 
and Takeba, 1996) indeed are more sensitive to 
photoinhibition than the respective wild types. 
However, the protective role of photorespiration may 
be especially important under stress conditions such 
as drought (Wingler et al., 1999; 2000). Although 
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there is a consensus that water stress inhibits 
photosynthesis, the underlying mechanism of this 
inhibition remains controversial (Keck and Boyer, 
1974; Tezara et al, 1999, Comic 2000). Drought 
stress stimulated photorespiration in barley mutants 
with reduced activities of chloroplastic glutamine 
synthetase, glycine decarboxylase or serine :gly- 
oxylate aminotransferase. However, this was coupled 
with a several-fold increase in the de-epoxidation 
state of xanthophyll-cycle carotenoids in the drought- 
stressed barley mutants with a concomitant decrease 
in quantum yield for photosynthesis compared with 
the wild type barley (Wingler et al., 1999). Thus, it 
appears that drought-stressed barley may maintain 
photostasis through a combination of enhanced sink 
capacity (t"*) due to the stimulation of photores- 
piration coupled with a decrease in cXpsu. 

3. High Temperature 

It has been known for sometime that the inhibition of 
whole leaf photosynthesis by high temperatures is 
primarily the result of the high temperature-induced 
destabilization of chloroplast thylakoid membranes 
(for review see Berry and Bjorkman, 1980). PS II 
appears to be more sensitive than PS I to heat 
inactivation which is a consequence of the heat 
instability of the oxygen evolving complex of PS II 
and also the heat sensitivity of the association between 
LHCII and the PS II reaction complex (Cheniae and 
Martin 1970; Armond et al., 1978; Armond and 
Staehelin, 1 979). A short-term response to heat stress 
exhibited by most plants is the redistribution of 
excitation energy in favor of PS I (Weis, 1985) which 
would protect PS II through a decrease in CTpsu • I. In 
addition, the accumulation of chloroplast heat shock 
proteins appears to stabilize PS II against high 
temperatures (Heckathorn et al., 1998). 

Plant species adapted to high temperatures appear 
to exhibit a photosynthetic apparatus with an 
enhanced stability to heat stress which may also be 
due to changes in thylakoid membrane lipid 
composition (Berry and Bjorkman, 1980). However, 
the role and the mechanism by which lipid-protein 
interactions stabilize thylakoids to high temperatures 
has yet to be resolved. Isoprenes have been implicated 
in the stabilization of the lipid phase of thylakoid 
membranes (Sharkey and Singsaas, 1 995). In addition 
to their roles in light-harvesting, non-photochemical 
quenching of excess energy as well as quenching of 
triplet chlorophyll and singlet oxygen, it has been 



suggested that carotenoids may also act as thylakoid 
membrane stabilizers during high light and heat 
stress (Havaux, 1998). Barley plants grown under 
sustained high irradiance at elevated temperature 
exhibited a reduced and a marked increase in 
the amount of free carotenoids compared to barley 
grown at moderate light and temperature conditions 
(Havaux et al., 1998). 

C. Photodamage 

The D1/D2 heterodimer reaction center proteins of 
PS II function in primary photochemistry as well as 
the oxidation of water. These specialized functions 
of PS II occur in a microenvironment characterized 
by an abundance of oxygen coupled with the potential 
for exposure to excess excitation energy and transient 
formation of strong oxidants. Whenever the absorbed 
light energy exceeds the capacity of the organism 
either to use the trapped energy through photo- 
synthesis (photochemical quenching, qP) or to 
dissipate it as heat through nonphotochemical 
quenching (qN), damage to PS II may occur (Osmond, 
1994). The D1 protein of PS II is the primary site of 
photodamage which may be the result of either donor- 
side (Anderson et al., 1998) or acceptor-side 
limitations in PS II (Melis, 1999). Furthermore, 
exposure to excess light in oxygenic organisms may 
result in the formation of damaging reactive oxygen 
species either through the reduction of O 2 to yield the 
superoxide anion radical ( 02 ~') or through energy 
transfer from excited triplet chlorophyll to ground 
state O 2 to form singlet oxygen (‘O 2 ) (Asada, 1996). 
If unchecked, irreversible photoinhibition due to 
photooxidative damage to PS II may lead to significant 
decreases in plant productivity (Baker, 1991). Recent 
evidence indicates that the chloroplast-targeted heat 
shock protein 70 (HSP70) may be involved both in 
the protection of PS II during photoinhibition as well 
as in the repair of damaged PS II in Chlamydomonas 
reinhardtii (Drzymalla et al., 1996; Schroda et al., 
1999) and tomato (Heckathorn et al., 1998). 
Furthermore, several recent reports have indicated a 
selective, in vivo photoinhibition of PS I in chilling 
sensitive (Sonoike, 1998; Terashima et al., 1998) as 
well as cold tolerant plants (Havaux and Davaud, 
1994; Ivanov et al., 1998). 

The rate constant for photodamage to PS II has 
been shown to be a linear function of irradiance in 
plants and green algae (Baroli and Melis, 1996; 
Tyystjarvi and Aro, 1996). These data are consistent 
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with recent reports indicating a reciprocity between 
irradiance and the time of illumination for PS II 
inactivation, which has been interpreted to indicate 
that PS II acts a ‘photon counter’ (Park et al, 1995; 
Anderson et al., 1998). If this model is correct, then 
photodamage to PS II depends solely on the total 
number of photons absorbed and not the rate of 
photon absorption. Thus, the light-harvesting antenna 
size of PS II must modulate the rate of photodamage, 
and as a consequence, PS II reaction centers with 
large light-harvesting antennas should exhibit faster 
rates of photodamage than PS II reaction centers 
with small light-harvesting antennas. However, the 
effect of PS II light-harvesting size on the rate of PS 
II photodamage is still controversial (Ghirardi et al., 
1987; Cleland and Melis, 1987; Leverenz et al., 
1992; Tyytjarvi et al., 1994). Furthermore, more 
recent evidence supports the notion that PS II antenna 
size modulates PS II photodamage in higher plants 
(Park et al., 1997), green algae (Baroli and Melis, 
1998) and cyanobacteria (Nakajima et al., 1998). 

The dependence of PS II photodamage on PS II 
light-harvesting antenna size is consistent with the 
concept of PS II as a ‘photon counter’ with the 
probability for the loss of one PS II after the absorption 
of between 10^ to 10^ photons (Anderson et al., 
1998). However, if PS II photodamage is dependent 
solely on the number of photons absorbed by PS II, 
then photodamage to PS II should be insensitive to 
the capacity to utilize the absorbed light energy via 
the photosynthetic electron transport and CO 2 
assimilation and should occur independent of 
temperature. Recent evidence indicates that increased 
capacity for photosynthetic electron transport and 
CO 2 assimilation do protect against photoinhibitory 
damage (Oquist and Huner, 1992; Oquist et al., 
1992b; Parketal., 1996a,b; Baroli and Melis, 1998). 
Furthermore, sensitivity to photodamage is exacer- 
bated by exposure of plants to low temperatures 
(Huner et al., 1993; Krause, 1994). Thus, any 
environmental condition that either limits the rate of 
photosynthesis or the capacity of any metabolic sink 
to consume photosynthetically generated electrons 
(CO 2 limitation, N-limitation, suboptimal temper- 
atures) or enhances the rate of light absorption relative 
to the rate of electron transport (high light, increased 
light-harvesting antenna size) will result in an energy 
imbalance, that is, (Tps„ • I > n • T"k These conditions 
would increase the ‘excitation pressure’ on PS II and 
consequently result in an over-reduction of the PQ 



pool which would shift the relative redox state of 
from oxidized to reduced thereby increasing the 
probability of photodamage to PS II. However, it has 
been reported that for a number of species the onset 
of photoinhibition can be detected when less than 
40% of is in the reduced state which indicates that 

photodamage to PS II may occur when the majority 
of PS II reaction centers are still open (Oquist and 
Huner, 1993). Since photodamage was not distin- 
guished from photoprotection in this latter study, the 
interpretation of these data with respect to the role of 
the redox state of and PS II photodamage remains 

equivocal. It would appear that the mitigation of 
PS II photodamage is a complex phenomenon. 
Although there is a finite probability for the photo- 
inactivation of PS II, this probability will vary with 
the state of acclimation of the photosynthetic appartus 
(Anderson et al., 1998). 

In contrast to chloroplasts, the cyanobacterium, 
Synechococcus sp. PCC 7942, possesses three 
homologous genes for the D 1 protein of PS II reaction 
centers (Campbell et al., 1995), designated psbAI, 
psbAIImA psbAIIL The psbAIgtnQ encodes form 1 , 
designated D 1 : 1 ; psbAII and psbAIII encode form 2, 
designated Dl:2. Mutants expressing Dl:2 exhibit 
greater tolerance to photoinhibition than wild-type 
cells that express D1 : 1 . Recently, it has been shown 
that exposure of wild-type Synechococcus sp PCC 
7942 to low temperature induces a transient exchange 
of the Dl:l form for the Dl:2 form of the PS II 
reaction center polypeptide, resulting in an increased 
tolerance to photoinhibition (Campbell et al., 1995). 
There is a consensus that a rapid cycle of damage and 
repair of the D1 polypeptide during photoinhibition 
is an intrinsic feature of PS II (Osmond, 1994; Melis, 
1999). A decrease in membrane lipid unsaturation 
inhibits subsequent recovery from photoinhibition 
through an impairment of the D1 repair process in 
cyanobacteria (Nishida and Murata, 1996). This 
appears to occur because of an inability to process 
the newly synthesized D1 protein, which results in 
the accumulation of inactive PS II reaction centers. 
Moreover, exposure to cold enhances thylakoid fatty 
acid unsaturation and increases the tolerance of 
cyanobacteria to low temperature photoinhibition as 
well as chilling injury (Nishida and Murata, 1 996). It 
has been proposed that modulation of membrane 
fluidity may act as a primary mechanism to sense 
changes in temperature in cyanobacteria (Murata 
and Los, 1997). 
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III. Acclimation And Photostasis 

A. Growth Irradiance 

Growth irradiance modulates the size and com- 
position of the light-harvesting antennas of PS I and 
PS II (Anderson, 1986; Sukenik et ah, 1987; Tanaka 
and Melis, 1997; Melis, 1998). Species of the green 
alga Dunaliella exhibit a remarkable range in their 
capacity to adjust PS II antenna size (Sukenik et al, 
1987; Tanaka and Melis, 1997; Melis, 1998). 
Generally, there is an inverse relationship between 
growth irradiance and antenna size. Thus, low growth 
light promotes large PS I and PS II antenna size 
whereas growth at high light generates a small 
photosynthetic unit size. This adjustment in PS II 
antenna size is the result of changes in the size of 
peripheral antenna of PS II and PS I, that is changes 
in LHCII and LCHI, rather than changes in the core 
antenna of PS II and PS I (Fig. 1). Similar changes in 
light-harvesting antenna size due to alterations in the 
levels of peridinin-Chl a protein complexes and the 
intrinsic a/c-containing light-harvesting proteins have 
also been observed during photoacclimation of the 
dinoflagellate, Amphidinium carterae (ten Lohuis 
and Miller, 1998). Figure lA depicts a generalized 
view of the peripheral Chi a/b light-harvesting 
antenna as well as the core complex, consisting of 
CP47, CP43 and the reaction center proteins (Dl/ 
D2), of Dunaliella salina grown under low light. The 
peripheral PS II light-harvesting antenna is thought 
to consist of trimeric forms of Lhcbl and Lhcb2 
(Fig. 1, trimer) plus monomeric forms consisting of 
one of each of Lhcb3, Lhcb4, Lhcb5 and Lhcb6 
(Fig. 1, m). In PS II, changes in light-harvesting 
antenna size are a consequence of the assembly of a 
variable number of Lhcbl/Lhcb2 trimers (Melis, 
1998). Figure IB illustrates the antenna organization 
after growth under moderate irradiance. Under these 
conditions, the content of peripheral Lhcbl /Lhcb2 
trimers has decreased relative to that for growth 
under low light with no major changes in the 
polypeptide composition of the PS II core complex. 
Under high growth irradiance, PS II is thought to 
contain minimum levels of trimeric Lhcbl/ Lhcb2. 
Initial growth under high light followed by a shift to 
low irradiance results in the recovery of maximum 
PS II antenna size within 12 to 24 h. However, low 
light grown cells subsequently shifted to high light 
exhibit only a very slow decline in LHCII abundance 
(Melis, 1998). Thus, it appears that it is easier to 



PSII, low-light 




PSIl, medium-light 




PSII, high-light 




Fig. 1. Schematic models illustrating the effects of growth 
irradiance on the LHCII subunit composition and size in the 
green alga Dunaliella salina. Trimers of D. salina LHCII are 
composed of two subunits of Lhcbl and 1 subunit of Lhcb2. 
Monomers (m) of LHCII are one subunit each of Lhcb3, Lhcb4, 
LhcbS and Lhcb6. Adapted from Melis (1998). 

biosynthesize and assemble LHCII than it is to 
degrade this Chl-protein complex. In response to 
growth irradiance, these data are consistent with the 
notion that one mechanism to maintain photostasis is 
through modulation of CTp^jj. In addition to this 
mechanism, plants, green algae and cyanobacteria 
also modulate PS II/PS I stoichiometry (Fujita, 1994; 
Melis, 1998). 

Although terrestrial plants exhibit the capacity to 
photoacclimate (Anderson, 1986; Anderson et al.. 
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1 995) , the extent of the photoacclimatory response is 
dampened relative to that of green algae (Falkowski 
and LaRoche, 1991). This apparently lower degree 
of plasticity with respect to the photoacclimation 
response in plants versus certain green algal species 
such as Chlorella vulgaris mdDunaliella salina and 
Dunaliella tertiolecta may, in part, reflect the physical 
impact of canopy structure, leaf angle and the inherent 
light gradients within a single leaf on light absorption. 
All of these factors would help to maintain photostasis 
through affecting the rate of light absorption ((7ps„ • I ) 
by modulating I. 

B. Growth Temperature 

1. Green Algae and Cyanobacteria 

Low-temperature acclimation of the unicellular green 
algae, Chlorella vulgaris and Dunaliella salina, 
results in a depression of the capacity for CO 2 
assimilation and photosynthetic efficiency calculated 
on a per cell basis concomitant with an increase in 
the total xanthophyll pool size as well as a lower 
epoxidation state of the xanthophyll cycle pigments 
due to the conversion of violaxanthin to zeaxanthin 
(Maxwell et al., 1 995a). In addition, cold acclimation 
of these green algae is associated with: a six-fold 
lower chlorophyll content per cell, a lower abundance 
of Lhcb mRNA as well as Lhcb polypeptides 
(Maxwell et al., 1995b) and an increased level of the 
carotenoid-binding protein, Cbr, than non-acclimated 
control cells (Krol et al., 1 997). However, these algae 
appear unable to up-regulate carbon metabolism and 
thus are unable to adjust the number of electron- 
consuming sinks during growth and development at 
low temperature (Savitch et al., 1996). As a 
consequence, algal cultures grown at low temperature 
exhibited a distinctive yellow color (Huner et al., 
1998). The repression in the accumulation of Lhcb 
mRNA and Lhcb polypeptides is not due to sucrose 
suppression (Jang and Sheen, 1994), since the 
capacity for sucrose accumulation is depressed upon 
cold acclimation of Chlorella vugaris (Savitch et al., 

1996) . 

Cultures grown at low temperature exhibit a three 
to four-fold increased tolerance to photoinhibition 
(Maxwell et al., 1995a). Thus, Chlorella vulgaris 
and Dunaliella salina alter their pigmentation 
significantly in response to low growth temperature 
or high growth irradiance. This reflects a reduction in 
light-harvesting capacity coupled with an increased 



capacity to dissipate excess light nonphotochemically 
as heat through zeaxanthin and possibly lutein, which 
results in a decrease in dp^jj. 

Photosynthetic adjustment of Chlorella and 
Dunaliella to growth at low temperature and moderate 
irradiance is comparable to cells grown at high light 
with respect to pigmentation, gas exchange, 
sensitivity to photoinhibition as well as the 
accumulation of Lhcb and Cbr polypeptides (Maxwell 
at al., 1995a; Krol et al., 1997). This cannot be 
explained as either a simple growth temperature 
effect or as a simple irradiance response. Cultures 
grown at 5 °C and 150 /imol s~^ (low temperature, 

medium light) or at 27 °C and 2200 jimoX m"^ s~^ 
(high temperature, high light) are both adjusted to 
growth at high PS II ‘excitation pressure.’ Conversely, 
cultures grown at either 27 °C and 150 jamol mr^ s~^ 
(high temperature, medium light) or 5°C and 20 
/imol m"^ s~^ (low temperature, low light) are both 
adjusted to low ‘excitation pressures’ (Huner et al., 
1998). Similar conclusions regarding the role of 
PS II ‘excitation pressure’ have been reported for 
thermal and photoacclimation of Laminaria 
saccharina (Machalek et al., 1996), the expression 
of early light-inducible proteins (ELIPs) in barley 
(Montane et al., 1999) as well as systemic signaling 
of oxidative stress mArabidopsis thaliana (Karpinski 
et al, 1999). However, Machalek et al. (1996) have 
shown that although thermal acclimation is similar 
to photoacclimation in many respects, it is not 
identical to photoacclimation. 

Changes in pigmentation in the filamentous, 
nonheterocystous cyanobacterium, Plectonema 
boryanum, grown under ambient CO 2 and either low 
temperature or high irradiance reflect adjustments 
in (Tpsj, analogous to that observed in Chlorella and 
Dunaliella (Miskiewicz et al., 2000). In contrast to 
Plectonema boryanum, changes in pigmentation in 
Synechococcus sp. PCC 7002 cultures induced by 
low temperature are not due to either limitations in 
photosynthesis or low temperature photoinhibition 
of PS II but are a consequence of low temperature- 
induced nitrogen limitation (Sakamoto and Bryant, 
1998). Thus, the energy imbalance as reflected by 
chlorosis of Synechococcus sp. PCC 7002 at low 
temperature, appears to be due to a limitation in sink 
capacity (t“^). 

2. Evergreen Plants 

In overwintering Scots pine (Pinus sylvestris), the 
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Fig. 2. (A) Seasonal variations in the photochemical efficiency of 
PS II (Fv/Fm) (open symbols) and intrinsic fluorescence yield 
when all PS II centers are open (Fo; closed symbols) in needles of 
Scots pine. (B) Seasonal variations in the D1 protein (open 
symbols) and the LHCII protein complex (closed symbols) in 



light-harvesting antenna responds to high light and 
low temperatures by both an increase in the total 
xanthophyll pool size as well as an increased 
de-epoxidation of the xanthophyll cycle pigments 
(Ottander et ah, 1995). Adams and coworkers have 
documented this characteristic response in several 
winter evergreen species such as Pinus ponderosa 
mdMalva neglecta (Verhoeven et al, 1 999), Mahonia 
repens (Logan et al., 1998b), Vinca major (Logan, et 
al., 1 998a) mdEuonymus kiautschovicus (Verhoeven 
et al., 1998) exposed to mild winter conditions. The 
xanthophyll cycle exhibits persistent engagement 
over night resulting in the de-epoxidation of 
xanthophyll cycle pool when the nocturnal temper- 
atures are below freezing. In contrast, the xanthophyll 
cycle is disengaged when the nocturnal temperatures 
are above freezing resulting in the epoxidation of 
zeaxanthin and antheraxanthin to violaxanthin. It is 
suggested that the de-epoxidation of the xanthophyll 
pool efficiently protects PS II from photodynamic 
damage by decreasing crpsu due to an increased 
capacity for non-radiative dissipation of excess 
absorbed energy when low temperature limits the 
rate of photosynthesis (Demmig- Adams and Adams, 
1996; Gilmore, 1997; Gilmore and Ball, 2000). 

The mechanism of persistent engagement of 
zeaxanthin and antheraxanthin and the associated 
high capacity for non-radiative heat dissipation of 
absorbed light in the light-harvesting antenna is not 
well understood. Ottander et al. (1995) suggest that 
the persistent non-radiative heat dissipation of 
overwintering Scots pine is not only due to 
xanthophyll cycle activity but is also due to a 
reorganization of the entire light-harvesting antenna 
complex to maximize thermal dissipation. In Scots 
pine exposed to the severe, natural winter conditions 
of Northern Sweden, there was a close match 
throughout the winter between the epoxidation state 
of the xanthophyll cycle pigments and the change in 
variable fluorescence determined as the ratio of Fv/ 
Fm (Fig. 2, A and C; Ottander et al. 1995). These 
winter stress responses may be regarded as 
adjustments for the safe dissipation of absorbed light 
under conditions when photosynthesis is largely 
inhibited due to impaired Photosystem II function as 
reflected by the breakdown of the DI protein (Fig. 
2B). The winter-induced aggregation of the 

(Fig. 2. Continued) needles of Sects pine. (C) Seasonal variations 
in the epoxidation state of the xanthophyll cycle pigments in 
needles of Scots pine. V, violaxanthin; A, antheraxanthin; Z, 
zeaxanthin. (From Ottander et al., 1995). 
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light-harvesting chlorophyll antenna of Photosystem 
II which is reversed in the spring, appears to be a very 
efficient mechanism to dissipate absorbed excitation 
energy non-radiatively. Thus photostasis is maintained 
during the winter months by a reduction of the 
functional absorption cross section of PS II (tTpsn) 
under conditions where the capacity for CO 2 
assimilation is limited (n • t"^). This reorganization 
of the light-harvesting apparatus of Scots pine during 
the winter may represent not only a mechanism to 
maintain photostasis but also a mechanism to maintain 
large stocks of chlorophyll in a quenched, protected 
state when photosynthesis is inhibited and to allow 
for rapid recovery of photosynthesis during the spring. 
This may be of great significance to the success of 
conifers in cold climates and help explain why 
conifers have become so successful in temperate and 
subarctic climates with cold winters (Oquist and 
Martin, 1986). 

Overwintering of the herbaceous evergreen, 
periwinkle ( Fmca minorh.), results in approximately 
50% lower apparent O^pp02 and Pmax than compar- 
able plants in the summer (Fig. 3A). Seasonal 
fluctuations in the zeaxanthin and violaxanthin 
contents as a consequence of the changing canopy 
cover in the spring and snow cover in the winter are 
characteristic of periwinkle leaves (Fig. 3B). Leaves 
from natural stands of periwinkle with the highest 
zeaxanthin contents typically were the least sensitive 
to laboratory photoinhibition conditions. However, 
the accumulation of zeaxanthin is not always 
correlated to increased non-photochemical quenching 
of chlorophyll fluorescence and protection against 
photoinhibition (Hurry and Huner, 1992; Hurry et 
al., 1996b; Hurry etal., 1997). This is consistent with 
the presence of both a zeaxanthin-independent and a 
zeaxanthin-dependent mechanism for the down 
regulation of PS II (Horton et al., 1996). During the 
late fall and early spring, the xanthophyll cycle is 
induced in leaves of Vinca minor L. resulting in an 
reduction of (Tpsi, due to an enhancement of non- 
radiative dissipation of excess light with minimal 
changes in either Chi a/b ratios, LHCII abundance or 
LHCIl composition and organization. 

3. Herbaceous Winter Annuals 

Cold tolerant cereals such as winter rye and winter 
wheat must grow and develop at low temperatures 
for maximum cold tolerance and successful winter 
survival in temperate climates. Thus, in contrast to 




PFD 




1992 1993 

Month 

Fig. 3. (A) Effects of summer (open circles) and winter conditions 
(closed circles) on the light response curve for CO 2 saturated, O 2 
evolution of Vinca minor L. leaves from a natural stand. (B) 
Seasonal variations in zeaxanthin (closed circles) and violaxanthin 
(open circles) content in Vinca minor L. leaves. Numbers indicate 
months of the year starting October (10) 1991 . From Rezansoff 
(1993). 

most evergreen plants, these plant species maintain 
the capacity for active photosynthesis during 
prolonged exposure to low, non-freezing temperatures 
during the cold acclimation period in the autumn 
with minimal changes in pigment content and 
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composition as well as no significant changes in the 
contents of Lhcbl, Lhcb2, Dl, Cyt PC, PsaA/ 
PsaB and the -subunit of the chloroplast ATP synthase 
complex (Gray et al, 1998). Somersalo and Krause 
(1990) were the first to report that cold acclimation 
of spinach results in an increased tolerance to 
photoinhibition, a result that was subsequently 
confirmed for winter rye and wheat (Oquist et al, 
1993). This increased tolerance to photoinhibition 
was primarily due to an increased capacity to keep 
oxidized as a consequence of an elevated 
photosynthetic capacity with no change in photo- 
synthetic efficiency (Oquist and Huner, 1992; 1993). 
The potential to keep oxidized and the potential 
to increase the photosynthetic capacity as a 
consequence of cold acclimation are correlated with 
both tolerance to photoinhibition and the capacity of 
winter rye and wheat cultivars to develop maximum 
freezing tolerance (Oquist et al., 1993; Gray et al., 
1997). 

The increased capacity of rye, wheat, rape and 
Arabidopsis thaliana to keep oxidized appears to 
be a consequence of a cold acclimation-induced 
stimulation of mRNA and protein levels associated 
with the major regulatory enzymes of photosynthetic 
carbon metabolism: Rubisco, stromal and cytosolic 
fructose bisphosphatase, and sucrose phosphate 
synthase (Hurry et al., 1996a). This is translated into 
increased growth rates under potentially photo- 
inhibitory conditions (Hurry et al., 1992). Thus, the 
elevated sucrose levels normally associated with 
cold acclimation do not result in the repression of 
photosynthetic gene expression in Arabidopsis, rye 
or wheat (Hurry et al., 1996a) contrary to current 
models related to sucrose regulation of plant gene 
expression (Jang and Sheen, 1994). It appears that 
increased cold tolerance and tolerance to photo- 
inhibition may be the result of a ‘reprogramming’ of 
carbon metabolism and partitioning in these species 
(Hurry et al., 1996a). Thus, in contrast to Chlorella 
vulgaris and Dunaliella salina, winter wheat and 
winter rye appear to maintain photostasis primarily 
through an adjustment in sink capacity (n • in 
response to growth at low temperatures with minimal 
changes in the structure and function of the 
photochemical apparatus (Gray et al., 1998). In 
addition to CO 2 assimilation, O 2 reduction through 
the Mehler reaction appears to play an important role 
as an electron sink while photorespiration plays a 
minimal role in the maintenance of photostasis in 
cold acclimated winter wheat. In contrast, both 



photorespiration and the Mehler reaction appear to 
play a significant role in maintenance of energy 
balance in high light-grown winter wheat (Savitch et 
al., 2000). However, this response appears to be 
species specific since tolerance to low temperature 
photoinhibition in spinach appears to be a conse- 
quence of adjustments in carotenoid composition 
and xanthophyll cycle activity and hence a decrease 
in CTpsjj (Krause et al., 1999; Verhoeven et al., 1999). 

Gray et al. (1997) have shown that the photo- 
synthetic response and tolerance to photoinhibition 
of cold acclimated wheat and rye is not due to either 
temperature or light per se but rather to PS II 
‘excitation pressure’ similar to the results for Chlorella 
and Dunaliella. Although growth of winter rye at 
low temperatures has minimal effects on the content 
and the pigment-protein composition of LHCII, 
development at low temperature does result in a 
significant reorganization of the supramolecular 
structure of LHCII as indicated by chloroplast 
ultrastructure, freeze-fracture of thylakoids and 
separation of Chl-protein complexes of isolated rye 
thylakoids by non-denaturing SDS-PAGE (Huner et 
al., 1993). Growth temperature modulates LHCII 
organization such that the oligomeric or trimeric 
form of LHCII predominates at 20 °C whereas the 
monomeric form predominates at 5 °C. Furthermore, 
these changes in structural stability were associated 
with a specific decrease in the ^ra«6'-A^-hexadecenoic 
acid (^ra/75'- 16: 1) content (Krol et al., 1988), a unique 
thylakoid membrane fatty acid specifically esterified 
to C-2 of thylakoid phosphatidylglycerol (PG) only 
(Harwood, 1 980). In vitro reconstitution experiments 
indicated that PG containing trans- 1 6 : 1 is specifically 
bound to LHCII and required to stabilize the trimeric 
form in rye thylakoids (Krupa et al., 1992). This is 
consistent with the recent identification of a specific 
binding site for PG on Lhcb which is required for 
LHCII trimerization (NuBberger et al. 1993; Hobe et 
al., 1995). Presumably the reversible transition from 
monomeric to trimeric state would effect aps„ (Horton 
et al., 1996). However, the functional significance of 
these changes in the stability of LHCII organization 
in cereals during acclimation to low temperature 
have yet to be elucidated. 

C. Nutrient Limitations 

Growth of higher plants such as sugar beet, peach 
and pear under Fe deficiency induces significant leaf 
chlorosis which is associated with a decrease in 
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photosynthetic capacity as a consequence of a co- 
ordinated decrease in the content of LHCII, electron 
transport components and Rubisco (Terry, 1983; 
Taylor and Terry, 1986; Winder and Nishio, 1995). 
Although total Chi per leaf area decreases during 
growth under Fe deficiency, the reaction centers that 
are present under these conditions are fully active. 
Thus, the observed decrease in absorbance of sugar 
beet leaves grown under Fe deficiency is due to a 
decrease in the number of PS II units per leaf area 
(Spiller and Terry, 1980; Abadia et al, 2000). In 
addition to the decrease in the apparent size of 
LHCII, growth under Fe deficient conditions increases 
the extent of non-photochemical quenching associ- 
ated with PS II. This is primarily due to the stimulation 
of the xanthophyll cycle (Abadia et al, 2000). Thus, 
we suggest that these observations are consistent 
with the thesis that plants grown under Fe deficient 
conditions attempt to maintain photostasis by: (1) 
decreasing I by lowering total pigment content per 
leaf area through a decrease in the number of PS II 
units per leaf area; (2) decreasing CTp^jj by lowering 
the LHCII content and increasing the zeaxanthin and 
antherxanthin contents relative to violaxanthin. 
Furthermore, the observation that Rubisco content is 
reduced during growth under Fe deficient conditions 
ensures that the rate of light absorption (<7psn • I) 
matches the capacity for CO 2 assimilation (t”*). 

We note with interest that chlorotic leaves of plants 
grown under Fe deficient conditions will turn green 
when exposed to an irradiance lower than the growth 
irradiance even though the plants are still under Fe 
deficient conditions (Abadia et al, 2000). Thus, the 
induction of this chlorotic state can not be due to Fe 
deficiency per se but must be due to an interaction of 
Fe deficiency and growth irradiance. This modulation 
of pigmentation in response to Fe deficiency in higher 
plants is strikingly similar to that described above for 
Chlorella vulgaris in response to growth temperature. 
Thus, we suggest that the changes in pigmentation, 
LHCII content and photosynthetic capacity in sugar 
beet in response to Fe deficiency may reflect 
acclimation to increased ‘excitation pressure’ induced 
by Fe limitation. 

In Chlamydomonas reinhardtii, both phosphate 
and sulfate limitations independently result in a 
decrease in both photosynthetic capacity (Pmax) as 
well as 0^pp02 (Wykoff et al., 1998). Concomitantly, 
nutrient limited Chlamydomonas exhibited reduced 
efficiency of energy transfer from LHCII to PS II 



reaction centers due to the combined effects of 
increased capacity for xanthophyll cycle-dependent, 
non-photochemical quenching of excess energy plus 
the induction of a state 2 transition during exposure 
to nutrient-limited conditions. These alterations result 
in a reduction in photosynthetic electron flow when 
this green alga is limited in either P or S. Thus, the 
photoacclimation response induced by nutrient 
limitations in order to maintain photostasis in this 
green alga, at least in part, appears to involve an 
adjustment of CTp^jj. 

Cyanobacterial cultures deficient in macronutrients 
such as C, N, S and P typically exhibit chlorosis 
which reflects, in part, phycobilisome degradation 
(Grossman et al., 1994; Chapter 17, Grossman et 
al.). This degradation process is an ordered process 
in Synechococcus and Synechocystis sp. In addition, 
exposure of Synechococcus sp. to C-limitations 
induces the accumulation of a 42 kDa carotenoid 
binding protein concomitant with the reduction in 
phycobilisome content. The abundance of this 
carotenoid-binding protein is light dependent (Reddy 
etal., 1989). It has been proposed that phycobilisome 
degradation during nutrient limitation may provide a 
source of amino acids for the acclimation process. 
This ‘trimming mechanism’ is rapidly reversed upon 
readdition of the limiting nutrient (Grossman et al., 
1994). However, since the size and number of 
phycobilisomes is reduced, photostasis potentially 
would be maintained as a consequence of the decrease 
in CTpsii thus preventing the over-excitation of the 
photosynthetic apparatus. 

Cyanobacteria exhibit an impressive capacity to 
alter the composition of electron carriers of the 
thylakoid membrane in response to limitations in 
micronutrients such as Fe and Cu (Straus, 1994). 
However, it is also well documented that iron- 
deficiency reduces both the phycobilin and chloro- 
phyll containing antennas in cyanobacteria (Gross- 
man et al., 1 994). One of the most Interesting changes 
observed in Synechococcus, Synechocystis and 
Anabaena is an induction of an iron stress-induced 
chlorophyll protein complex associated with 
Photosystem II (Guikema and Sherman, 1983; 
Leonhardt and Straus, 1 994). This chlorophyll protein 
complex, denoted CP43 is encoded by the isiA gene 
which has close sequence similarity to psbC, the 
gene which encodes CP43 (Straus, 1994). It was 
proposed that CP43 ' may functionally replace CP43 
as part of the core antenna of PS II or simply function 
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as a chlorophyll reservoir to facilitate recovery from 
iron deficiency (Burnap et ah, 1993). However, 
picosecond Chi a fluorescence life-time measure- 
ments indicate inefficient energy transfer from CP43 ' 
to PS II reaction centers (Falk et ah, 1995). Recently, 
Park et al. (1999) showed that CP43' protects 
Photosystem II from excess light in iron-starved 
cells of Synechococcus sp. PCC 7942. They suggested 
that CP43 ' functions as a non-radiative dissipator of 
absorbed light, thus protecting Photosystem II from 
light stress under iron deficiency. In contrast, recent 
structural evidence indicates that CP43 ' appears to 
be primarily associated with PS I rather than PS II 
(Bibby et al., 2001; Boekema et al., 2001; Huner et 
al., 2001). It is suggested that the ring structure 
formed around PS I by CP43 ' functions as an antenna 
for PS I (Bibby et al., 2001; Boekema et al., 2001). 
Thus, any possible role of CP43' in photoprotection 
during iron stress requires further investigation. 

IV. Chloroplast Biogenesis and Photostasis 

Angiosperms produce etiolated seedlings when 
exposed to prolonged darkness (Leech, 1984). 
Chloroplast biogenesis and assembly of the 
photosynthetic apparatus have been examined in 
monocots and dicots by exposure of etiolated 
seedlings to continuous or intermittent illumination 
(Akoyunoglou, 1984). 

Early light-inducible proteins (ELIPs) are thylakoid 
polypeptides induced under high light stress and are 
related to the Lhcb/Lhca family of Chi a/b light- 
harvesting polypeptides (Green and Durnford, 1 996). 
It has been suggested that ELIPs bind zeaxanthin and 
act as Chi scavengers after the light-dependent 
breakdown of thylakoid Chl-protein complexes (Krol 
et al., 1995; Adamska, 1997). Kloppstech and co- 
workers were the first to report that ELIPs are 
transiently expressed during greening of etiolated 
barley seedlings and mature leaves exposed to high- 
light stress (Meyer and Kloppstech, 1984). Similar 
light-inducible, carotenoid binding proteins (Cbr) 
have been detected in species of the green alga, 
Dunaliella (Levy et al., 1993; Krol et al., 1997; 
Banet et al, 2000). Recently, Heddad and Adamska 
(2000) identified two new light-stress enhanced 
proteins in Arabidopsis thaliana, Sepl and Sep2, 
which exhibit ELIP consensus sequences and appear 
to be related to the Chi a/b-hm6mg gene family. 



Although the precise role of Sepl and Sep2 is 
unknown, it is suggested that they are involved in 
photoprotection rather than light-harvesting (Heddad 
and Adamska, 2000). 

The sensitivity of photoautotrophs to potential 
energy imbalances during the biosynthesis and 
assembly of the photochemical apparatus, which 
process in itself is light dependent, was examined by 
Krol et al. (1999). Greening of etiolated wild-type 
and the chlorina f2 mutant of barley under continuous 
illumination at 20 °C resulted in transient fluctuations 
in the epoxidation state of the xanthophyll cycle 
pigments (EPS) which reflect the photoconversion 
of the light-harvesting xanthophyll, violoaxanthin, 
to the energy quenching pigments, antheraxanthin 
and zeaxanthin (Demmig- Adams and Adams, 1 996). 
Furthermore, the extent of the transient fluctuations 
in EPS was light intensity dependent. These trends 
were mimicked during greening of both the wild 
type and the chlorina f2 mutant of barley at 5 °C and 
moderate irradiance (250 pmo\ s“^). These 
transients in EPS reflected transient accumulations 
of zeaxanthin and a 14 kDa ELIP in both the wild 
type and the chlorina f2 mutant (Krol et al, 1999). 
These patterns of accumulation for zeaxanthin and 
the 14 kDa ELIP are consistent with the notion that 
ELIPs may be zeaxanthin-binding proteins which 
protect the developing photosynthetic apparatus from 
over-excitation (Krol et al, 1995). However, in a 
recent study it was shown that the distribution of 
antheraxanthin and zeaxanthin along the length of 
barley leaves did not follow the same patterns of 
distribution as ELIPs. Thus, it was concluded that 
xanthophyll accumulation is not correlated with the 
accumulation of ELIPs (Montane et al, 1999). 
Clearly, further work is required to elucidate 
unequivocally the role of ELIPs in carotenoid- 
binding. 

Assuming that the transient fluctuations in EPS 
during greening are due, primarily, to the modulation 
of the xanthophyll cycle the signal which induces the 
observed fluctuation in EPS cannot be due to either 
light or temperature per se. We suggest that the 
fluctuations in EPS and ELIP levels reflect a response 
to changes in ‘excitation pressure’ as a result of 
transient imbalances between energy absorbed by 
the developing photochemical apparatus versus 
energy utilized by metabolism due to limitations in 
photosynthetic capacity during various stages of 
chloroplast biogenesis. 
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V. Sensing Mechanisms invoived in 
Photostasis 

What is the molecular mechanism underlying 
photoacclimation responses involved in the main- 
tenance of photostasis in photoautotrophs? Sensing 
and signaling events involved in photomorphogenesis 
and plant development are typically associated with 
photoreceptors such as the red-far red photoreceptor, 
phytochrome, the blue light photoreceptor, crypto- 
chrome, as well as UV-light photoreceptors (Chory, 
1997; Ballare, 1999). We are unaware of any 
unequivocal evidence to indicate that phytochrome 
regulates gene expression during steady-state 
vegetative growth. Stimulation of physiological 
processes through phytochrome are usually dependent 
upon changes in the ratio of red to far red light and 
are photoperiod dependent. However, the photo- 
acclimation responses described above for terrestrial 
plants, green algae and cyanobacteria are not 
regulated by a photoreceptor such as phytochrome 
for the following reasons: (1) the reductions in Chi 
content and composition and Lhcb levels can be 
induced simply by changing the temperature with no 
change in either irradiance, light quality or 
photoperiod (Huner et al., 1998) and (2) photo- 
acclimation is sensitive to inhibitors of photosynthetic 
electron transport (Beale and Appleman, 1971; 
Koenig, 1990; Naus and Melis, 1992; Escoubas et 
al., 1 995). The most definitive experiments regarding 
the role of photoreceptors in photoacclimation have 
been performed by Walters et al. ( 1 999) who exploited 
the availability of photoreceptor mutants in 
Arabidopsis. They showed that the photoreceptor 
mutants of Arabidopsis are still capable of photo- 
acclimation even though these mutants are impaired 
in photomorphogenesis. Thus, photoacclimation in 
fully developed Arabidopsis tissue is not photo- 
receptor dependent. 

Based on the differential sensitivity of the 
photoacclimation response to either DCMU (3-(3,4- 
dichlorophenyl)-! ,2-dimethyl urea) or DBMIB (2,5- 
dibromo-3-methyl-6-isopropyl-/?-benzoquinone), it 
has been proposed that the redox state of the 
plastoquinone pool may act as the sensor that regulates 
the photoacclimation response in algae (Escoubas et 
al., 1995; Wilson and Huner, 2000) as well as 
cyanobacteria, as first shown by Fujita and co-workers 
(Fujita et al., 1994). This redox signal can be 
modulated by either light or temperature and may 
initiate a transduction pathway that coordinates not 



only photosynthesis-related gene expression but also 
the expression of genes involved in cold acclimation 
and freezing tolerance as well as plant morphogenesis 
(Gray et al., 1997; Huner et al., 1998), systemic 
acclimation to excess irradiance (Karpinski et al., 
1999) and cyanobacterial differentiation (Campbell 
et al., 1993). An intrachloroplastic redox signaling 
pathway has recently been shown to include the 
ferredoxin-thioredoxin system as a critical component 
of redox regulation of chloroplast translation (Bruick 
and Mayfield, 1999). Although signaling between 
the chloroplast and the nucleus has been investigated 
for some time (Taylor, 1989), the nature of the 
chloroplastic signal and the retrograde signal 
transduction pathway have yet to be completely 
elucidated. However, Mg-protoporphyrin IX has been 
shown to act as a ‘plastid factor’ in the signal 
transduction pathway regulating nuclear encoded 
heat-shock genes (Kropat et al., 1997; 2000). 

It appears that the mechanism of photostasis 
through modulation of CTpsu may involve not one but 
at least two distinct but related processes: (1) 
regulation of xanthophyll cycle activity and 
nonphotochemical quenching and (2) regulation of 
Lhcb gene expression (Wilson and Huner, 2000). In 
both cases, the PQ pool may act as the sensor. 
Changes in the transthylakoid pH may regulate 
xanthophyll cycle activity whereas the redox state of 
the PQ pool may regulate nuclear gene expression 
(Escoubas etal., 1995; Maxwell etal., 1995b). Thus, 
the maintenance of photostasis in terrestrial plants, 
green algae and cyanobacteria appears to exert a 
broad influence on diverse molecular, physiological 
and developmental process which is consistent with 
the concept of a ‘grand design of photosynthesis’ 
initially proposed by Daniel Arnon (Arnon, 1982; 
Anderson et al., 1995). 
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Summary 

Photoacclimation is a suite of phenotypically expressed, developmentally independent, reversible physiological 
feedback responses to short-term (minutes to days) variations in spectral irradiance. These responses are 
observed in all eukaryotic algal taxa and involve alterations in the optical absorption cross section, the effective 
absorption cross section, and the rate of electron transfer from water to a terminal acceptor (e.g. , carbon dioxide 
or nitrate). In this chapter, we review the primary physical processes in aquatic ecosystems that provided 
selection pressure for photoacclimation responses. These processes include the passage of clouds across the 
sky, vertical mixing, and diel variability in incident solar irradiance. The physiological responses to variations 
in the spectral irradiance are transduced via the redox state of intersystem electron transport components, 
especially plastoquinone. In a ‘nested’ series, responses include state transitions, alterations in the xanthophylls, 
and net synthesis/degradation of light harvesting complexes. The three processes have different time constants 
and dynamic ranges, but all result in alterations of the effective absorption cross section of photochemistry, such 
that light absorption and electron transport are balanced. The balance between light absorption and electron 
transport optimizes (not maximizes) photosynthesis under a very wide range of light conditions found in natural 



aquatic ecosystems. 

I. Introduction 

Solar radiation is both one of the most predictable yet 
most stochastic physical variables on Earth. The path 
of the sun as it crosses the sky is governed by highly 
deterministic processes, such that at each moment in 
time the exact amount of incoming solar radiation 
can be calculated at every point on the Earth’s surface. 
On geological time scales, the orbital variations and 
changes in solar luminosity can also be calculated, 
such that the solar spectral irradiance can be inferred 
for millions of years in the past. The orbital cycles 
also determine the number of hours of solar radiation 
for each latitude. Superimposed on such highly 
deterministic processes are variations in irradiance 
due to the passage of clouds across the sky. 

Abbreviations: a, the initial slope of the photosynthesis + 
irradianee curve. The superscript B denotes that the parameter is 
normalized to chlorophyll a; - the maximum quantum yield 
of photosynthesis; (Jp3„ - the effective photon capture cross 
section of Photosystem II; r - turnover time for whole chain 
photosynthetic electron transport; a* - the spectrally averaged 
optical absorption cross section normalized to chlorophyll a; 
DBMIB - dibromothymoquinone; DCMU - 3 , 4 -dichlorophenyl- 
l, 1 -dimethylurea; Eq - irradiance at the air/water interface; E,^ - 
saturation irradiance for photosynthesis (E,^ = o^/ - 

maximum fluorescence; - initial fluorescence; FRRF - fast 
repetition rate fluorescence; IR - infrared light; Lhcb - gene 
encoding the major light harvesting protein serving Photosystem 
II; n - ratio of Photosystem II reaction centers to total chlorophyll 
a; P70Q - reaction center of Photosystem I; - light 

saturated photosynthesis. The superscript B denotes that the 
parameter is nomialized to chlorophyll a; - primary quinone 
in Photosystem II; Q3 - secondary quinone in Photosystem II; 
UV - ultra violet light 



atmospheric aerosol burdens, and, in the case of 
aquatic photosynthetic organisms, the vertical 
position and motions associated with turbulent 
mixing, tidal variations, and seasonal convection. 

To accommodate the high frequency variations in 
solar irradiance, photosynthetic organisms have 
developed physiological acclimation strategies that 
optimize (not maximize) light harvesting and 
photosynthetic electron transport in response to 
changes in irradiance. Optimizing light harvesting 
means dynamically balancing the rate of production 
of photochemically derived reductants and ATP to 
the rate of their consumption, primarily (but not 
solely) by the dark reactions in carbon fixation. 
Dynamical balance is frequently achieved by 
adjusting the energy input via regulation of light 
harvesting systems and the reaction centers that they 
serve. Several mechanisms have evolved in 
photosynthetic organisms to accommodate variations 
in spectral irradiance. These acclimation processes 
operate on various time scales and include state 
transitions, thermal dissipation via the xanthophyll 
cycle, differential expression of carotenoids within 
pigment protein complexes, and developmentally 
independent changes in the production of light 
harvesting pigment protein complexes (Chapter 14, 
Huner et al.). The ensemble of these processes is 
called ‘photoacclimation’ (Falkowski and LaRoche, 
1 99 1 a). In this chapter we explain that these processes 
are a nested set of response functions to a single 
stimulus, namely the redox poise of the photosynthetic 
electron transport system. As the dynamics of 
photoacclimation of light harvesting systems are 
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Fig. 1. Changes in the cellular chlorophyll content and growth rate following the transition from 700 to 70 /rmol quanta s“^ in the 
marine chlorophyte Dunaliella tertiolecta. Note the five-fold increase in chlorophyll content within 60 h following the light shift. This 
photoacclimation response has a half time of about 24 h at 20 °C. (Original data from Sukenik et al. 1990) 



highly developed in eukaryotic algae, especially the 
microalgae (phytoplankton), we have used these 
organisms as models for specific processes. Here we 
examine what photoacclimation is, how it works, 
and how it evolved. 



II. Photoacclimation 

Photoacclimation is a suite of phenotypically 
expressed, developmentally independent, reversible, 
physiological feedback responses to short-term 
(minutes to days) variations in spectral irradiance 
(Falkowski and LaRoche, 1991b). These responses 
are most readily observed in unicellular algae (both 
eukaryotic and prokaryotic), in which changes in the 
quality and quantity of pigmentation can be rapidly 
and reversibly induced by changes in irradiance 
(Fig. 1). Photoacclimation should not be confused 
with photoadaptation; in the latter, organisms are 
genetically selected by environmental constraints to 
grow under a range of irradiance levels. Hence, 
many higher plants are ‘sun’ or ‘shade’ adapted, and 
have a limited capacity to acclimate to the converse 
irradiance regime (Boardman, 1977). For example, 
corn cannot normally grow under low irradiance 
levels; it is a genetically selected ‘sun’ plant (Bennett 
et al., 1 987). Within this constraint, there are acclima- 
tion strategies, however these are relatively limited 
in facilitating acclimation over large changes in 
irradiance. While some genetic selection to irradiance 



(i.e., ecotypes) can be identified in unicellular algae 
(Falkowski and Owens, 1980;Partenskyetal., 1993), 
the physiological plasticity generally permits a large, 
reversible acclimation response (Falkowski, 1980). 
The unicellular algae maintain a high degree of 
acclimation responses because of the light environ- 
ment in which they evolved. 

III. Light in aquatic environments 

Before discussing photoacclimation and light 
harvesting per se, let us first consider the environ- 
mental forcing function that elicits the responses, 
namely spectral irradiance and its variance in the 
environment. Photons entering any environment have 
only two possible fates: to be absorbed or to be 
scattered. In aquatic ecosystems, water itself both 
absorbs and scatters light, and hence, photosynthetic 
organisms must compete with the bulk medium for 
energy. The absorption bands of water, resulting 
from the primary O-H stretching frequencies and its 
harmonics, are strong in the red and (especially) far- 
red wavelengths, but not blue or blue-green. These 
absorption bands are not markedly affected by dis- 
solved salts (i.e., as in seawater), but are affected by 
dissolved organic matter and gases, especially O 2 . 
Dissolved organic matter in aquatic ecosystems 
contains hundreds (if not thousands) of different 
molecules, only a few of which have been charac- 
terized. On average, the absorption of the ensemble 
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of these molecules is in the blue and ultra-violet, 
primarily due to the presence of heterogeneous 
aromatic carbon molecules and conjugated double 
bonds in aliphatic hydrocarbon backbones (Aluwihare 
etal, 1997). Dissolved organic carbon concentrations 
are highest in coastal waters, rivers, and eutrophic 
lakes. O 2 attenuates light in the UV, and is, in fact, the 
strongest absorber of UV-B radiation in the ocean. 

Superimposed on these absorption bands is the 
attenuation of radiation by scattering. The primary 
scattering process is a consequence of vanishingly 
small discontinuities in density, sometimes called 
the ‘fluctuation density scattering’ process (Smolu- 
chowski, 1908; Einstein, 1910). Briefly, at any 
moment in time, two adjacent, but equal volumes of 
water will statistically contain slightly different 
numbers of water molecules, such that (by definition) 
the two parcels will have slightly differing densities. 
From a kinetic viewpoint, the fluctuations in density 
lead to stochastic fluctuations in refractive indices 
within the water column. Consequently, photons 
(even from a coherent source, such as a laser) entering 
the medium invariably become scattered (Kirk, 1 994). 
The scattering function is inversely proportional to 
the 4.3'''^ power of the wavelength (Morel, 1974); i.e., 
blue light is scattered much more than red light. In 
the portion of the water column, scattering is further 
enhanced by bubble injection, which can penetrate 
up to approximately 50 m. Bubbles do not spectrally 
alter the upwelling radiance, however they tend to 
make the ocean appear optically ‘brighter’ (Zhang et 
al., 1 998). Hence, to an observer looking down at the 
ocean from above, the combination of efficient 
absorption of long wavelengths of light and the 
efficient scattering of short wavelengths, leads to an 
upward flux of light heavily enriched in the blue 
(Fig. 2). In coastal waters or eutrophic lakes, where 
the blue light is often attenuated by dissolved organic 
matter, the resulting water appears darker, and the 
peak region of light penetration is shifted towards the 
blue-green. In summary, the selection pressure on 
pigment protein complexes in aquatic photoauto- 
trophs is dictated by the optical physics of water 
itself. 

In water, the blue (Soret) absorption bands of 
chlorophylls serve as primary conduits for energy 
absorption. The red (Q) bands have little ecological 
relevance; they are manifestations of the lowest singlet 
excited state and may serve in energy transfer 
processes, but only rarely serve to absorb light directly 
(Falkowski and Raven, 1 997). It should be noted that 



this is not the case for terrestrial plants, where the red 
bands function in light harvesting directly. Carot- 
enoids and phycobilipigments extend the range of 
light harvesting of the Soret bands into the green 
wavelengths. The evolutionary selection of specific 
carotenoids and phycobilipigments forms one basis 
for taxonomic classification of phytoplankton at the 
division level (Green and Durnford, 1996). 

Outside of regions directly affected by dissolved 
organic matter, photosynthetic pigments of phyto- 
plankton are the major constituents that modify color 
of aquatic ecosystems. Specifically, the blue and 
blue-green downwelling and upwelling photons are 
absorbed by chlorophylls and carotenoids (Morel 
andPrieur, 1977; Morel, 1988; Falkowski and Raven, 
1997). With the exception of some cells that produce 
intracellular gas bubbles or calcium carbonate shells, 
the back-scattering cross section of phytoplankton is 
rather low. Hence, the major effect of phytoplankton 
is on absorption rather than scattering of light (Ahn 
etal., 1992; Ackleson etal., 1993). As photosynthetic 
pigments deplete both the upwelling and downwelling 
irradiance stream of blue and blue-green light, in 
effect the water becomes ‘darker.’ The depletion of 
light in these wavelengths is, in the open ocean, 
quantitatively proportional to the concentration of 
photosynthetic pigments in the optical path (i.e., the 
upper portion of the euphotic zone). Using the ratio 
of two wavelengths of light, it is possible to determine 
empirically the water-leaving radiances, i.e., the 
photons scattered by the ocean back to the atmosphere, 
to estimate phytoplankton pigment concentrations. 
This phenomenon forms the basis for the remote 
sensing of phytoplankton pigments from satellite 
imagery. 

A. Remote Sensing of Phytoplankton Pigments 

The pigment (approximately, the chlorophyll) 
concentration of the global ocean can be assessed 
from determining the quantitative changes in ocean 
color. The basis for this model is that in regions far 
removed from continental sources of non-biological 
particles (e.g., the central ocean basins), deviations 
in ocean color from pure seawater are influenced 
primarily by biologically derived materials, of which 
the most important are pigmented phytoplankton. 
Empirically, the ratio of blue to blue-green upwelling 
radiances are measured by sensitive narrow band- 
pass detectors on a satellite. However, only about 5% 
of the photons reaching the satellite originates from 
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Wavelength (nm) 

Fig. 2. The relative absorption capabilities for marine phytoplankton that contain chlorophyll c, chlorophyll b, and phycobilins in the 
spectrally-skewed light fields found at depth in aquatic ecosystems. The spectral bands absorbed by the major light-harvesting pigments 
in the marine phytoplankton are denoted by arrows. Spectral irradiance (gray shaded area) from 20 meters depth in the Santa Barbara 
Channel is presented to illustrate the spectral irradiance found at depth. Note that the red absorption bands of chlorophylls do not harvest 
light, as the attenuation of red light by water is so strong as to effectively remove those wavelengths from the spectrum of available 
radiation. 



light scattered from the ocean, the remaining photons 
are scattered from Earth’s atmosphere. Empirical 
corrections are made for the atmospheric signal (using 
extended red channels in the near-IR, which are 
spectrally silent for the ocean), and the corrected 
images are mapped at 1 x P resolution to derive 
images of ocean color. The images are calibrated 
with sophisticated in- water optical sensors and optical 
models to derive pigment concentrations for the first 
optical depth. The ensemble of remotely sensed 
images of the variations in ocean color is derived on 
a daily basis for the global ocean and permits 
continuous estimation of phytoplankton pigment 
concentrations over cloud-free regions (Color 
Plate 1). It should be noted that the derived pigment 
concentration is linearly dependent on the optical 
absorption cross section for phytoplankton (see 
below), and consequently is directly influenced by 
photoacclimation processes. In practice, average 
optical absorption cross sections are derived from 
numerous (hundreds) of spectral measurements. This 
process can underestimate pigments at high latitudes, 
where cellular concentrations of pigments are higher 



than the global average, or in blooms of highly 
packaged cells (e.g., surface blooms of filamentous 
cyanobacteria). Correction for these regional 
anomalies is done on a case-by-case basis through 
field-based bio-optical programs. 

B. The Variance Spectrum of Spectral 
Irradiance in Aquatic Ecosystems 

In all natural processes that are continuous in time 
with multiple, overlapping frequency distributions, 
it is convenient to derive a ‘variance spectrum.’ The 
variance spectrum describes the variance about a 
mean as a function of frequency. Typically, variance 
spectra cascade from lower to higher frequencies, 
such that a greater fraction of the variance is contained 
at lower frequencies. The variance spectrum of 
spectral irradiance has major components on annual 
and diel frequencies, and minor components on 
shorter time scales. To be acclimative, physiological 
responses to changes in irradiance must match the 
frequency of the underlying forcing function. In 
photoacclimation in algae we can ignore seasonal 
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and annual variations in irradiance, as these 
frequencies are much longer than cell division cycles 
or the physiological memory of the light environment. 
Rather the time scales of interest are a few days and 
less. Let us consider some of the major forcing 
functions in a descending order of frequency. 

1. The Wave Flicker Effect 

While the water column in all aquatic ecosystems 
acts as a band pass filter for solar radiation, the 
variance spectrum in radiance is generally determined 
by interactions at the air-water interface or in the 
atmosphere. Waves at the air-water interface 
constantly focus and defocus radiation, giving a 
‘flicker effect’ in the upper portion of the water 
column (Dera and Gordon, 1968). This process can 
lead to over a 1 00-fold change in submarine irradiance 
under clear sky conditions at high latitudes, but is 
rapidly attenuated with depth because of scattering. 
The variance spectrum of the wave ‘flicker effect’ is 
constrained to high frequencies, on the order of 
seconds to tenths of seconds. The flicker effect may 
be important in the photosynthetic responses of fixed 
benthic organisms (such as seagrasses or symbiotic 
corals (Falkowski et al., 1990; Greene and Gerard, 
1990)). The importance of this effect to phyto- 
planktonic organisms is unclear. In natural aquatic 
ecosystems, the flicker effect potentially reduces the 
duration of exposure (i.e., the product of irradiance 
and time) to supraoptimal irradiance levels in the 
upper portion of the water column, thereby reducing 
photodamage to reaction centers. An analogous 
situation occurs in higher plant canopies, where leaf 
flicker can reduce photoinhibition and potentially 
enhance photosynthetic electron transport (Pearcy, 
1990), however, controlled experiments have not 
clearly demonstrated a similar response in phyto- 
plankton (Flameling and Kromkamp, 1 997). We will 
revisit this issue later, in the context of the coupling 
of light harvesting to electron transport. 

2. Clouds 

Among the stochastic processes that result in changes 
in spectral irradiance, clouds are perhaps the most 
important. Clouds can attenuate incident solar 
radiation by over 40-fold within minutes. Clima- 
tologically, clouds are a quasi-persistent weather 
feature; that is, cloud cover is likely to persist for 
several days in a region, followed by clear sky 



conditions. On time scales of minutes to days, 
phytoplankton can display the full suite of physio- 
logical acclimation strategies to changes in irradiance 
(Falkowski, 1984a). Indeed, there is ample evidence, 
as we will shortly show, that short-term changes in 
fluorescence quenching can be observed with the 
passage of clouds across the sky, and between cloudy 
and sunny days. The changes in cloud cover, from 
day-to-day is probably the most critical environmental 
factor determining the photoadaptive state of 
phytoplankton in nature. 

3. Diel Cycles 

On most of the Earth’s surface, the diel cycle in solar 
radiation dominates photosynthetic processes. The 
diel cycle is however, highly predictable, and hence, 
it is critical to distinguish between circadian rhythms 
and true photoacclimation processes. In the former, 
changes in such properties as total chlorophyll per 
cell display a diel pattern, but the period of the cycle 
(not the amplitude of the signal) is independent of 
irradiance. In the latter, the amplitude of the signal, 
not the period of the cycle, dominates. Simply put, 
cells photoacclimate to changes in irradiance, not to 
day-night patterns (Post et al., 1984, 1985). 

4. Vertical Mixing 

Unlike terrestrial plants or benthic photoautotrophs, 
phytoplankton are not fixed in space. They are 
vertically transported by turbulent kinetic energy in 
the upper portion of the water column; in some cases 
they are capable of vertical migration (Kamykowski, 
1981; Villareal and Lipshultz, 1995). Vertical veloci- 
ties are on the order of 0.1 to 1.0 cm/min. Hence if 
the upper mixed layer of the water column is 
approximately 20 m, a cell would be transported 
from the base to the surface in 3.5 to around 35 h. 
These vertical motions are sufficiently slow that 
cells can acclimate to light within the water column 
(Falkowski, 1983). Indeed, changes in the ratio of 
light harvesting complexes to reaction centers (i.e., 
the ‘size’ of a photosynthetic unit) have been used to 
follow photoacclimation processes in the water 
column. Briefly, in most chromophytic, eukaryotic 
algae (diatoms, coccolithophorids, etc.) photo- 
acclimation can be empirically assessed by following 
changes in the ratio of chlorophyll a to This ratio 
can be determined spectrophotometrically (Thomber, 
1 969; Falkowski and Owens, 1 980). From knowledge 
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of this ratio at various depths in the water column, 
and from estimates of the first order rate constant for 
changes in the ratio, one can actually estimate the 
rate of vertical mixing in the water column (Falkowski, 
1983). The results of this, and similar approaches 
(Lewis et ah, 1984) indicate that changes in antenna 
protein complex expression are concordant with the 
rates of turbulent mixing in the ocean. 



IV. Physiological Responses to Changes in 
Spectrai Irradiance 

A. The Photosynthesis-Irradiance Response 

The photosynthesis-irradiance (P-E) response curve 
is an empirical, experimental manifestation of the 
light saturation profile for photosynthetic electron 
transport (Fig. 3). In aquatic ecosystems, P-E 
responses are usually obtained by following the 
incorporation of radioactively labeled inorganic 
carbon (i.e., H^'^[C] O 3 ) into acid stable organic 
matter. This technique, introduced by Steemann- 
Nielsen in 1952 (Steemann-Nielsen, 1952) is 
extremely sensitive, and consequently, literally 
hundreds of thousands of P vs. E curves have been 
obtained since the method was introduced (Falkowski 
and Woodhead, 1992; Geider and Osborne, 1992). 
Measurements based on oxygen are also feasible, 
but the data density is lower. Since the mid 1980s, 
variable fluorescence has been used (Falkowski et 
al., 1986; Kolber et al., 1990), and the convenience 
and sensitively of this method, coupled with the 
accessibility of instrumentation, have supplemented 
if not supplanted the radiocarbon method. Regardless 
of the method used, the fundamental responses 
observed are the same. 

At low irradiance levels, the initial slope of the P 
vs. E curve is directly proportional to light. The 
initial slope, normalized to chlorophyll, is denoted 
a® and has units of CO 2 fixed (or O 2 produced) 
chlorophylL’ quanta”* m”^ (Fig. 3). As irradiance 
increases, photosynthetic rates begin to plateau, 
ultimately reaching a saturation value. Light saturated 
rates, normalized to chlorophyll, are denoted P®^^^ 
and have units of CO 2 fixed (or O 2 produced) per 
chlorophyll per unit time. The intercept between 
and (i.e., extrapolated to the ordinate 

defines a saturation irradiance, E^ (Tailing, 1957). 

The fundamental strategy in photoacclimation is 
to optimize light harvesting by the cell to optimize 




Fig. 3. An example of a typical photosynthesis vs. irradiance 
curve. This curve could be derived from measurements of net 
oxygen exchange between the organism and the bulk fluid. In the 
dark, there is a net consumption of oxygen as a consequence of 
respiration. Dark respiration, R, is generally assumed to remain 
constant in the light. At low irradiance levels, the evolution of 
oxygen is approximately a linear function of irradiance, and the 
ratio between photosynthesis and irradiance in this portion of the 
photosynthesis-irradiance profile is often denoted by the symbol 

а. At some irradiance level, photosynthetic rates reach a plateau. 

The light-saturated rate is denoted The saturation irradiance, 

Et is given as the intercept between aandPj^^,^ C^, compensation 
point. At supra-optimal irradiance levels, photosynthetic rates 
frequently decline from the light-saturated value. 

the photosynthetic rate at a given irradiance; the 
optimal photosynthetic rate is achieved at Ej^. Hence, 
photosynthesis-irradiance response functions are 
dynamic. That is, as irradiance changes, cells track 
the irradiance on time scales of minutes to days and 
adjust photosynthetic electron transport accordingly. 
Let us examine what processes are adjustable within 
the cell and how they are dynamically altered. 

б. Cross Sections 

1. The Optical Cross Section 

In terrestrial plants, between 85 to 90% of the 
photosynthetically available radiation incident on a 
leaf is absorbed; i.e., to first order a leaf is optically 
black. The high absorptivity of leaves permits a 
direct extrapolation of photosynthetic rate normalized 
to the incident irradiance to be interpreted in the 
context of quantum yields. This is not to say that 
higher plants to not photoacclimate; on the contrary, 
photoacclimation occurs within a leaf (from the 
upper to the lower surface), within a canopy, and 
within an ecosystem (Nishio et al., 1994). However, 
in terrestrial plants, measurements of spectral optical 
absorption cross sections are not required to infer the 
quantum yield of photosynthesis. In contrast. 
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unicellular algae are optically thin on a macroscopic 
scale, and the determination of the spectral absorption 
of light is required for the calculation of quantum 
yields (Kirk, 1994). 

The precise measurement of the optical absorption 
cross section of unicellular algae is non-trivial and is 
complicated by both scattering and the package effect. 
The optical absorption cross section is a function of 
cell size, the number and size of the plastids in 
relation to the cell, the density of thylakoid 
membranes within the plastid, and the type and 
concentration of chromophores within the thylakoids 
(Dubinskyetal., 1986; Berner etal. , 1989; Perry and 
Porter, 1989; Lazzara et al., 1996). From a practical 
standpoint, cells are generally concentrated on glass 
fiber filters and their spectral absorption is determined 
in a spectrophotometer equipped with an integrating 
sphere or some similar optical system for correcting 
for scattering. The pigments on the filter are 
subsequently extracted with a solvent and chlorophyll 
a concentration is determined. The spectral 
absorptivity is then normalized at each wavelength 
to chlorophyll a, and integrated over the entire spectral 
irradiance at any moment in time anywhere in the 
water column to determine the spectral overlap 
between incident irradiance and light harvesting. 
The resulting product is the spectrally integrated 
optical absorption cross section a* with units of m^ 
mg“^ Chi a. 

a* is critically dependent upon the pigment 
composition of the cell as well as the package effect. 
As pigments that absorb at wavelengths other than 
chlorophyll a are added to the cell, the spectrally 
integrated optical cross section increases. However, 
if cells add more and more pigment protein complexes 
to plastids, the thylakoids begin to self shade, and the 
cross section decreases. Hence, there is a cost to 
producing more pigments; as a cell increases its 
concentration of light harvesting complexes, 
absorptivity per molecule of pigment decreases. To 
double absorptivity, the cell needs to add approx- 
imately four-fold more pigment. In practical terms, 
the photoacclimation via changes in pigmentation 
operates between approximately 10 to 1000 fimol 
quanta m“^sec“‘. Below about 10 fjmol quanta m"^ 
sec"' cells tend to reduce the chlorophyll content 
(Fig. 4). Between 10 and 1000 jumol quanta m”^ sec"' 
the response function to irradiance is approximately 
log normal. Above approximately 1000 fimol quanta 
m"^ sec"' there is limited reduction in pigment content; 
Other processes, including alteration in composition 



of the light harvesting complexes (Sukenik et al., 
1987), begin to operate. We will return to this issue 
later in the discussion of gene expression and 
photoacclimation in algae. 

The product of a* and the incident spectral 
irradiance, E^, is the light absorbed per unit 
chlorophyll a. This product gives the total absorption 
but does not contain any information about how the 
absorbed radiation is used or partitioned within the 
organism. For example, if a cell has a high content of 
non-photosynthetic pigments such as astaxanthin or 
jS carotene, their absorptivity is included in a*, and is 
counted in the calculation of quantum yield. It should 
be noted moreover, that the calculation of a* is not 
dependent upon spectral intensity, but is dependent 
upon spectral quality. Hence, the optical cross section 
will change as the irradiance spectrum changes, 
regardless of the intensity of the light. For example, 
as a cell is transported by turbulent mixing into 
shallower and deeper parts of the water column, both 
the intensity and spectral composition of the solar 
radiation will change. Necessarily, as no alga is 
optically black, the spectral overlap between 
irradiance and light harvesting pigments will change 
within the cell at every point in the water column. 
Hence, the calculation of light absorbed by cells 
requires detailed knowledge of both the spectral 
irradiance distribution in the water column as well as 
the optical absorption cross section of the cells. 

2. Application of the a* Concept to the 
Calculation of Quantum Yields 

Let us now consider the application of a* to the 
calculation of the maximum quantum yield of 
photosynthesis. The application of a simple model 
through the initial portion of the photosynthesis 
irradiance curve, in which photosynthesis is 
normalized to chlorophyll yields a, which can be 
formally defined as: 

«=a*</>n,ax (1) 

That is, the initial slope of the photosynthesis 
irradiance curve is related to the maximum quantum 
yield by the optical absorption cross section. This 
relationship, which is fundamentally true for all 
photosynthetic organisms, is critical for algae because 
a* is highly variable, and ranges over a factor of 5 
between species and by over a factor of 2 within 
species, depending upon the physiological state. This 
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Fig. 4. Changes in the cellular chlorophyll content of two species of unicellular alga: a diatom, Skeletonema costatum, and a chlorophyte, 
Dunaliella tertiolecta. Note that the acclimation to low light peaks in both species at about 30 /imol quanta m~^ s“k The acclimation to 
higher irradiances is proportional to the log of light intensity. 



basic approach has been used to determine the 
maximum quantum yield of natural phytoplankton 
communities (Dubinsky and Berman, 1976; Dubin- 
sky, 1980; Bannister and Weidemann, 1984; Babin et 
ah, 1995; 1996). Interestingly, the maximum quantum 
yields obtained from such measurements are between 
three- and ten-fold lower than a generally accepted 
maximum for the Z scheme (0.125). Hence, under 
most circumstances, factors other than light limit 
photosynthetic efficiency (Falkowski and Kolber, 
1995). 

3. The Effective Absorption Cross Section 

Let us consider the phenomenon of light harvesting 
for a specific reaction center. Each reaction center 
receives excitation energy from an ensemble of 
pigments that have absorbed specific wavelengths of 
light, and have transferred the light energy from 
pigment molecule to pigment molecule within the 
antenna system. If, upon reaching the red-shifted 
reaction center chlorophyll a dimer, the excitation 
energy is used to generate a stable redox couple (i.e., 
photochemistry), there is a biochemical or biophysical 
manifestation of that reaction in either energy storage, 
chlorophyll fluorescence, oxygen evolution, transient 
absorption, etc. If excitation energy is delivered in 



discrete, short pulses such that it generates only a 
single photochemical reaction, or if second and 
subsequent electron transfer reactions are chemically 
inhibited (for example, with DCMU), the relationship 
between the rate of excitation delivered and the 
photochemical reaction defines an ‘effective’ or 
‘functional’ absorption cross section. In the simplest 
case, where each reaction center undergoes a single 
turnover for each excitation absorbed (i.e., a ‘single 
hit’), and there is no energy transfer between reaction 
centers (i.e., a pure ‘puddle’ model), the relationship 
between the excitation energy delivered and 
photochemistry will follow a cumulative one-hit 
Poisson distribution (Ley and Mauzerall, 1982): 

Y/Y_ = (l-e'^'); (2) 

where Y is the yield of the reaction (e.g., O 2 evolved) 
at irradiance I; is the maximum (irradiance 
saturated) yield; a is the effective cross section (with 
units of AVquanta); I is the excitation energy for a 
single turnover flash (with units of quanta/ A^; note 
that units of time are not required as the reaction is 
determined for a single electron turnover). 

CTpsjj describes the efficiency by which absorbed 
photons can be used to drive a photochemical reaction. 
Unlike a*, cr incorporates a quantum yield for charge 
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separation. Like a*, a is spectrally dependent; that 
is, different wavelengths of light will have different 
efficiencies for photochemistry. In the context of PS 
II, (7 can be determined for a single wavelength and 
extrapolated to other wavelengths from knowledge 
of the PS II fluorescence excitation spectra. 

4. The Effective Cross Section and the 
Photosynthesis-1 rradiance Relationship 

Earlier we examined how the optical absorption 
cross section is related to the maximum quantum 
yield of photosynthesis. Now let us look at an 
alternative way of describing that relationship and 
the rest of the photosynthesis-irradiance curve. 

We consider two other parameters: n, and r. n is 
the reciprocal of the Emerson- Arnold number, or the 
‘size’ of the photosynthetic unit; i.e., the ratio of 
PS II reaction centers to total chlorophyll a with 
units of mol O 2 (mol Chi a)~\ or mol PS II (mol Chi 
a)~K n has no biochemical meaning; rather, it is a 
biophysical contrivance used to calculate electron 
transport (Herron and Mauzerall, 1971). ris the time 
required for a single electron to transit from water 
through the entire photosynthetic electron transport 
chain to the terminal electron acceptor (e.g., CO 2 ) at 
light saturation. 1/rhas units of s~f Both parameters 
can be calculated from single turnover, light saturated 
oxygen flash yields and from light saturated 
measurements of oxygen evolution in the steady 
state. 

The initial slope of a photosynthesis-irradiance 
curve, a, can be related to dpsu and n through the 
equation: 

a® = (7ps„ n, (3) 

where Ops„ is the spectrally averaged effective absorp- 
tion cross section for PS II (see Eq. (2)). Equation (3) 
is dimensionally identical to Eq. (1). 

At light saturation, the maximum photosynthetic 
rate normalized to chlorophyll a is given by: 

P max = (4) 

The intercept between the initial slope and the 
maximum photosynthetic rate gives E,^. Substitution 
of Eqs. 3 and 4 into Eq. (1) reveals that: 

Ek=l/o-ps„r. (5) 



Which can be simply rearranged to give 

^PSII (^) 

The left hand side of Eq. (6) represents the rate at 
which photons are effectively harvested by PS II and 
electrons are injected into the photosynthetic electron 
transport chain. This is sometimes called ‘excitation 
pressure’ (Maxwell et al., 1995; Chapter 13, Huner et 
al.). The right hand side of Eq. (6) gives the maximum 
rate at which the electrons are consumed. This is 
sometimes called ‘photosynthetic capacity’ (Krause 
et al., 1989). Ej^ is the only irradiance at which these 
two processes are balanced. Thus, while the maximum 
quantum yield of photosynthesis will always be 
greater at irradiance levels <Ej^, the rate of 
photosynthetic electron transport will inevitably be 
lower. At irradiance levels >Ej^, there is little or no 
increase in the overall rate of photosynthetic electron 
transport, and potentially much damage could be 
done from over excitation of the reaction centers. 
Hence, a balanced photosynthetic system is one that 
tracks changes in irradiance to maintain, as far as 
possible, a photosynthetic performance that is as 
close to Ej^ as can be achieved. As E^ is constantly 
changing, and its changes are totally outside of the 
control of the organism, how is a balance achieved? 

V. Light Harvesting Systems and the 
Effective Absorption Cross Section of 
Photosystem II 

A. Dynamical Alteration of Light Harvesting 

Based on the forgoing discussion, it is clear that cells 
have several specific, and not mutually exclusive 
options for dynamically balancing light harvesting 
with photosynthetic capacity. They can alter dpsu, n, 
and/or r. Generally one or another ‘strategy’ 
predominates (Falkowski and Owens, 1980), but as 
several ‘strategies’ persist, even within different 
species of the same basic taxa, it is not clear that a 
priori there is any selective advantage of one or 
another. Let us first examine how changes are brought 
about to cjpsjj. 

B. Measuring Changes in Opsn 

Several methods have been developed to measure 
changes in (Jpgjj. The first measurements were based 




Chapter 1 5 Photoacclimation in Algae 

on following the fluorescence induction curve in the 
presence of DCMU (Malkin and Kok, 1966; Joliot et 
al, 1973). By comparing such curves with and without 
the inhibitor, one could get an idea of the ratio of PQ/ 
Qa (Diner and Mauzerall, 1973) and the effective 
rate of reduction of both quinones. Those measure- 
ments were extremely useful in helping to elucidate 
the kinetics of electron transfer on the acceptor side 
of PS II, and in the derivation of models of light 
harvesting in relation to intersystem electron transport 
capacity (Crofts and Wright, 1983). The measure- 
ments facilitated the concept of energy transfer 
between reaction centers (Joliot etal., 1973; Paillotin, 
1976; Lavergne and Trissl, 1995), but the approach 
suffers from the inherent irreversibility of PS II upon 
addition of the inhibitor. Moreover, the application 
of DCMU prevents dynamical analysis of crpgjj, as, 
for example, might be induced by changes in back- 
ground light. Hence, other methods were sought that 
did not require the application of chemical inhibitors. 

The first attempts to measure (Jpg^ without inhibitors 
were based on the flash intensity saturation function 
of O 2 evolution using single turnover flashes derived 
from a laser (Ley and Mauzerall, 1 982). That method 
can be absolutely calibrated and lead to experimental 
verification of the fundamental concepts of (Jpsjj in 
relation to the absolute quantum yield of photo- 
synthesis (Ley and Mauzerall, 1982). An alternative 
approach is based on following the flash intensity 
saturation profile of PS II variable fluorescence using 
a pump-and-probe technique (Falkowski et al., 1 986). 
Quantitative analyses of simultaneous measurements 
of O 2 and variable fluorescence using a pump and 
probe technique revealed that the two cross sections 
are statistically indistinguishable (Falkowski et al., 
1988) and opened the door for a rapid, sensitive non- 
destructive approach based on fluorescence tech- 
niques. The first of these is a ‘pump and probe’ 
approach (Mauzerall, 1972; Falkowski et al., 1986), 
which subsequently was supplanted by a fast repeti- 
tion rate fluorescence method. 

1. The Pump and Probe Fluorescence 

Formally, when a cell is placed in darkness and 
exposed to a weak flash of light, the fluorescence 
yield obtained is at a minimum, or F^ level. Following 
exposure to an actinic ‘pump’ flash, the fluorescence 
yield induced by a weak probe flash is obtained. If 
the fluorescence of the probe flash following the 
pump flash is determined within a short enough time 
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such that the reaction centers closed by the pump 
flash remain closed, the fluorescence yield will record 
the fraction of reaction centers closed. In practice, 
this requires that the second probe flash be triggered 
within 75 /is of the pump flash. The difference between 
the fluorescence yields prior to and following the 
pump flash is the variable component of fluorescence 
(F^). When normalized to F^^, F^ is quantitatively 
related to the photochemical efficiency of photo- 
synthesis (Butler, 1972). 

By changing the intensity of the pump flash, one 
can saturate the fluorescence profile to obtain the 
cross section of PS II (Falkowski et al., 1986; Genty 
et al., 1990). The technique is non-destructive, but 
time consuming; it can take several minutes to obtain 
a precise measurement of the effective cross section 
of PS II (Fig. 5). While tedious, the measurement can 
be used to follow changes in the cross section of PSII 
on time scales of minutes (Falkowski, 1 992), however 
the fast repetition rate approach is much more 
efficient. 

2. The Fast Repetition Rate Fluorescence 
(FRRF) Approach 

The fast repetition rate fluorescence technique relies 
on the application of highly controlled sub-saturating 
pulses of light that cumulatively saturate PS II within 
a single turnover (Kolber et al., 1 998). The individual 
pulses are approximately 1 ns in duration, and are 
separated in time by about 3-5 ns (Fig. 6). By 
cumulatively ‘pumping’ PS II with a set of such 
pulses of light energy, the reaction center can be 
saturated within approximately 60 to 120 /is, 
depending upon the cross section of PS II. The 
saturation level gives the variable fluorescence yield 
corresponding to the reduction of Q^. The rate of 
change in the saturation profile can be used to 
determine the effective cross section of PS II. The 
FRRF approach is extremely convenient, and 
extraordinarily sensitive. It can be used to follow the 
changes in (jpgj, as a function of background spectral 
irradiance, temperature, nutrient additions, etc. 
Moreover, because the cross sections are generated 
from a single saturation profile, the statistical 
precision of a single measurement is high, permitting 
one to follow the dynamics of the effective absorption 
cross section of PS II on time scales of seconds. 

Using an FRRF approach, the excitation pulses 
can be further manipulated to follow electron transfer 
kinetics on the acceptor side of PS II, as well as the 
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Fig. 5. An example of how the funetional absorption eross seetion of PS II (CTp^jj) changes as cells photoadapt. The changes in cross 
sections were measured by following the flash-intensity saturation profiles with a ‘pump and probe’ fluorometer. The marine diatom, 
Thalassiosira weisflogii, was grown at 1 50 and 35 jilmol quanta m"^ s“' . The cross section for the high light grown cells is 33% lower than 
that of the low light grown cells. 



redox state of the plastoquinone pool (Kolber et al., 
1998). Following the initial single-turnover saturation 
profile, the kinetics of the oxidation of the quinones 
on the acceptor side of PS II can be assessed by 
measuring the rate of fluorescence decay with weak 
probe flashes spaced approximately 5 fis apart. The 
FRRF can then be employed in a multiple turnover 
flash sequence (similar to a pulse amplitude 
modulated measurement, Chapter 13, Krause and 
Jahns). The multiple turnover flash sequence leads to 
a reduction of the plastoquinone pool; the difference 
in the amplitude of the single turnover flash and the 
multiple turnover flash provides an estimate of the 
level of reduction of the pool (Kolber et al., 1998). 

C. How Does Upsn Change? 

There are four basic strategies for altering CTpsj,, and 
we consider them in turn. 

1. State Transitions 

State transitions, first described by Bonaventura and 
Myers for Chlorella (Bonaventura and Myers, 1 969), 
were subsequently shown to be correlated with a 
reversible phosphorylation of a fraction of the light 
harvesting complexes (Allen et al., 1981). In their 
original analysis, Bonaventura and Myers demon- 



strated that upon exposure to a subsaturating spectral 
irradiance that was preferentially absorbed by PS II 
the fluorescence yield declined while oxygen 
evolution remained relatively constant. This process 
was reversed with light that is primarily absorbed by 
PS I. The overall transition was induced within about 
5 min at 20 °C, and they inferred that the changes in 
spectral composition were associated with reciprocal 
changes in the effective absorption cross sections 
(which they denoted with the symbol a) of the two 
reaction centers. In parallel experiments with a red 
(phycobililin-containing) alga, Murata (1970), 
suggested that the spectrally induced changes in 
energy distributions were associated with ‘ spillover’ , 
that is direct competition for excitations from a 
common antenna to the other reaction center (see 
review by Fujita et al., 1994). In chlorophyll b- 
containing organisms, these two models have been 
resolved by fluorescence analysis that clearly suggests 
that the state transitions are primarily a consequence 
of alterations in PS II cross sections (Malkin et al., 
1986); whether these changes correspond quanti- 
tatively to reciprocal changes in PS I cross sections 
remains to be conclusively demonstrated (Bruce et 
al., 1989; Delosme et al., 1996). However there is 
evidence that a fraction of the light harvesting 
complex physically migrates from one photosystem 
to the other during a state transition (Mullineaux et 
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Fig. 6. The kinetic information that can be derived from Fast Repetition Rate Fluorometry (FRRF). In the initial 120 jus the effective 
absorption cross-section and the extent of reduction of the primary electron acceptor in PS II (Q^) can be inferred from the kinetics profile 
of the fluorescence saturation curve. Following the saturation profile, a weak series of pulses are applied and the electron transfer from 
Qa Qb is measured. This protocol is then followed by long term pumping with subsaturating flashes to reduce the PQ pool. The 
oxidation rate of PQH 2 is measured over the next 1000 ms with very weak pulses, and the cycle is repeated. 



al, 1997). Additionally, there is evidence that a 
migratory fraction of the light harvesting complex 
becomes energetically coupled to the reaction center 
to which it migrates (Wollman and Delepelaire, 1984). 

The search for mechanisms for state transitions 
was stimulated by the observation that upon exposure 
to DBMIB, radioactively labeled phosphate, supplied 
as exogenous y ^^P-ATP, could phosphorylate a 
fraction of the light harvesting complex (later to be 
denoted Lhcb), while DCMU prevented the 
phosphorylation (Allen et al., 1981). As these two 
inhibitors lead to the reduction and oxidation, 
respectively, of the plastoquinone pool, the 
experimental results suggested that the pool was 
coupled to a redox regulated kinase (Allen et al., 
1981; Bennett, 1984; Allen, 1992). Subsequent 
experiments clearly suggested that the phosphorylated 
state was a high fluorescent yield state while the 
dephosphorylated state corresponded to a low 
fluorescence yield; i.e., that the phosphorylation and 
the state transitions were phenomenologically related. 

The demonstration of reversible Lhcb phos- 
phorylation in chlorophyll Z?-containing cells 
(Bennett, 1983) leads to searches for the responsible 
protein kinases and phosphatases. It was clearly 
shown that the phosphorylated residue was a threonine 
(Bennett, 1991). Several putative protein kinases 
were described, however, most turned out not to be 



the responsible enzyme(s) (Hind et al., 1995; Gal et 
al., 1997), and subsequent biochemical charac- 
terization of a thylakoid associated kinase imme- 
diately provided information about its sequence (Race 
and Hind, 1 996). Working with Chlamydomonas and 
later with Arabidopsis, Kohorn and co-workers 
identified two thylakoid associated Mnases, Takl 
and Tak2b (Snyders and Kohorn, 1999), and using a 
molecular genetic approach, showed that the loss of 
Takl abolished state transitions (Snyders and Kohorn, 
2001). These results provided, for the first time, 
conclusive evidence that the state transitions are 
related to a specific thylakoid kinase, and that the 
kinase is regulated by the redox state and the 
plastoquinone pool. 

It is not likely that the plastoquinone pool per se is 
the signaling molecule for a protein kinase. 
Plastoquinone is highly hydrophobic, and is thought 
to be embedded or sandwiched in the lipid bilayer 
that forms the thylakoid membranes. Essentially, 
there is little or no contact between the pool and 
surface associated thylakoid proteins. One suspected 
candidate for the signal is the cytochrome b^f 
complex, especially subunit IV, the plastoquinol 
docking protein associated with that complex (Verner 
etal., 1997). 

In brief, the redox poise of the plastoquinone pool 
can produce changes in the effective absorption cross 
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section of PS II by altering the energetic coupling of 
a fraction of Lhcb to the reaction center of that 
photosystem. The process appears to be mediated by 
a redox sensitive protein kinase associated with the 
outer thylakoid membrane. The changes in absorption 
cross section afforded by the state transitions are 
approximately 20%, and are rapidly reversible. The 
time scale for change in the cross section in Chlorella 
is about 3 min. at 24 the Q^q for the change is 
about 1 .8 (P. Falkowski, unpublished). The change in 
cross section is directly proportional to the change in 
E,^. It remains to be demonstrated to what extent state 
transitions occur in eukaryotic taxa other than 
chlorophyte algae. There is some evidence that a 
similar phenomenon occurs in diatoms (Owens, 1986; 
Ting and Owens, 1993). However, it is not clear that 
fucoxanthin or peridinin light harvesting protein 
complexes undergo reversible protein phospho- 
rylation. 

Finally, it should be noted that the state transitions 
are induced in the laboratory by changes in spectral 
quality — in fact, the terms ‘State F and ‘State IF 
arise from the original work of Bonaventura and 
Myers (1969) in which red light was used to 
preferentially excite chlorophyll b and hence PS II, 
while far red light was used to excite PS I. As we 
mentioned earlier, effectively there is no far red light 
in aquatic ecosystems. The experimentally contrived 
transitory changes in light quality have no real 
analogues in natural aquatic ecosystems. Rather, 
state transitions must be elicited by a change in 
irradiance— that is, under relatively low irradiance 
levels, high PS II cross sections are favored (State 
II), and under relatively high irradiance levels, low 
PS II cross sections are favored (State I). The changes 
in the cross sections are triggered by the redox poise 
of the plastoquinone pool, however, light quantity 
rather than quality is the primary environmental 
driver of the response. 

2. The Xanthophyll Cycle 

In 1963, Yamamoto demonstrated a reversible 
epoxidation of hydrophilic carotenoids in higher 
plant leaves (Yamamoto et al., 1963). This class of 
reactions was subsequently demonstrated in all non- 
phycobilisome containing oxygenic photoautotrophs, 
including chromophyte algae. In chlorophyll b- 
containing organisms the reaction sequence is from 
zeaxanthin through asteroxanthin to violaxanthin, 
while in chlorophyll c-containing organisms it is 



generally mediated via diatoxanthin and diadino- 
xathin (Hagar and Stransky, 1970), although some of 
the latter use both (Lohr and Wilhelm, 2001). 

The xanthophyll cycle was an interesting curiosity 
until Demmig- Adams showed a remarkable correla- 
tion between the de-epoxidation reaction and 
chlorophyll fluorescence quenching. In higher plants, 
the quenching could be as high as 80%, and was 
induced by exposure to high irradiance. While there 
are several quenching processes, the xanthophyll 
cycle appears to correspond to a very large fraction 
of the total quenching, and unlike many other 
quenching processes, is generally reversible on the 
time scale of several minutes to tens of minutes 
(Demmig et al., 1988). 

The exact biophysical mechanism by which 
fluorescence is quenched via the xanthophyll cycle is 
unclear. One possibility is that physical aggregation 
of chlorophyll molecules, induced by the de- 
epoxidation of the xanthophylls, leads to a reduction 
in the optical absorption cross section (i.e., a*) of the 
entire antenna system, and an associated quenching 
of the fluorescence (Horton, 1996; Horton et al, 
1999). The mechanism of the quenching in this 
scenario is unclear; however, if this scenario is valid, 
it should lead to a change in both the optical and 
effective cross sections. An alternative hypothesis is 
based on direct competition for excitation energy 
within the light harvesting complex between the 
reaction center and the xanthophylls, the latter of 
which, upon de-epoxidation form a singlet state that 
can be populated with excitations emanating from 
the lowest singlet excited states of chlorophyll a 
(Owens, 1994; Frank et al., 1996). In effect, the latter 
hypothesis suggests that the xanthophylls become 
reversibly activated quenchers within the pigment 
bed. Upon activation they increase the probability 
that absorbed photons will be dissipated as heat 
through non-radioactive energy transfer to carot- 
enoids. Should that occur, the process should lead to 
a change in the effective cross section of one or both 
reaction centers (depending upon which antenna 
system the xanthophyll cycle is associated with), but 
not a change in the optical absorption cross section. 

The xanthophyll cycle appears to be ubiquitous in 
all eukaryotic algal lineages, with the possible 
exception of the cryptophytes and rhodophytes which 
contain phycobiliproteins. The cycle operates in 
diatoms (Arsalane et al., 1994; Olaizola and 
Yamamoto, 1994; Olaizola et al., 1994; Lohr and 
Wilhelm, 1999), dinoflagellates, coccolithophorids 
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(P. Falkowski, unpublished), and prymnesiophytes 
(Frommolt et al., 2001). Using the symbiotic 
dinoflagellate, Symbiodinium microadriaticum, as a 
model, simultaneous measurements of the effective 
absorption cross section and changes in the 
xanthophylls (in this case, diatoxanthin and 
diadinoxanthin) show a linear correspondence (Fig. 
7), with simultaneous quenching of both F^ and F^^. 
These results are consistent with the direct excitation 
quenching hypothesis, and suggest that the xantho- 
phyll cycle leads to a direct alteration in the effective 
cross section, not a change in a*. 

The dynamics and effect of the xanthophyll cycle 
have been elucidated by following changes in the 
(Jpsjj as a function of irradiance in mutants of 
Chlamydomonas reinhardtii. The mutants (Niyogi et 
al., 1997), deficient in either the ability to form a 
quencher (DEI, a mutation in the de-epoxidase), or 
in the ability to relax quenching (DE6, a mutation in 
the epoxidase), are locked in either a high or low 
effective cross section status (Fig. 8). In contrast, a 
wild-type cell with an identical genetic background 
(DE5) displays approximately a 50% decrease in 
o’psjj as the cell is brought from low to high irradiance. 
The corresponding changes in Ej^ illustrate how the 
changes in (jpsjj are directly related to the light 
saturation function for photosynthetic electron 
transport. The changes in dpsn are accompanied by 
small changes in the maximum quantum yield of 
PS II photochemistry (i.e., F/F^), suggesting an 
excitation transfer between pigment beds or a small 
component of reaction center quenching that 
accompanies the quenching within the light 
harvesting complex. Because variable fluorescence 
is the primary signal used to assess the correlation 
between the changes in the xanthophylls and the 
effective cross sections, we have limited information 
on the effect of the xanthophyll cycle on PS I cross 
sections. A comprehensive discussion of the 
mechanisms related to fluorescence quenching is 
given in Chapter 13 (Krause and Jahns) 

Both the xanthophyll cycle and the state transitions 
are manifested in changes in cjpgjj. Because the kinetics 
of the two processes are similar, it is difficult to 
distinguish between these two phenomena in the 
field. There is no question however, that these 
processes are engaged in the natural aquatic 
ecosystems. Changes in chlorophyll fluorescence 
quenching associated with the passage of clouds 
crossing the sky have been observed since the early 
1980s (Abbott et al., 1982; Gorbunov et al, 2001), 




Fig. 7. The correlation between the ratio of diadinoxanthin (DD) 
to the sum of DD and diatoxanthin (DT), and the effective 
absorption cross-section of Photosystem II in a dinoflagellate, 
Symbiodinium microadriacticum. Note that as diadinoxanthin is 
deepoxidized to diatoxanthin, the cross section decreases. 
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Fig. 8. The effect of background irradiance on the effective cross 
section of PS II in two mutants and the wild type of 
Chlamydomonas. One mutant (DE 1 ) is locked in a non-quenching 
state for the xanthophyll cycle, while its compliment (DE6) is 
locked in a quenching state. The wild type (DE5) shows a 50% 
change in the effective cross section as background irradiance 
changes. Neither mutant has significant ability to change its 
functional cross-section. Note that at irradiances less than about 
200 ;Umol quanta m~^ s“^ the small changes in cross section are 
related to state transitions. 

and reversible, non-photochemical quenching of 
fluorescence associated with enhanced solar radiation 
has long been observed in the aquatic sciences 
(Slovacek and Hannan, 1977; Owens et al., 1980; 
Falkowski and Kiefer, 1985). The quenching process 
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is clearly discernable in vertical profiles of 
fluorescence yields taken at mid day compared with 
those at night (Falkowski and Kolber, 1995). 

The xanthophyll cycle has a higher dynamic range 
(larger ‘band-width’) than state transitions, but 
appears to be fundamentally activated by the same 
process, in this case the reduction of the plastoquinone 
pool. The de-epoxidation reaction is keyed to the 
ApH gradient across the thylakoid membrane (Horton 
and Ruban, 1992; Rees et al., 1992; Noctor et al., 
1993). The ApH gradient is, in turn, generated by the 
deposition of protons onto the lumenal side of the 
thylakoid membrane by plastoquinol (the so-called 
‘Q’ cycle) (Rich 1985). Hence, as the intersystem 
electron acceptor pool becomes increasingly reduced, 
both the state transitions (which can redistribute 
excitation energy between the two reaction centers) 
and the de-epoxidation of xanthophylls (which 
reduces the effective absorption cross section of 
PS II), become engaged. These two processes can 
alter the PS II cross section by about 50%. What 
happens when the product of spectral irradiance and 
the effective absorption cross section (i.e., excitation 
pressure) increases (or decreases) beyond this 
dynamic range? 

VII. Light Harvesting Complexes 

A. Alterations in the Pigment Composition of 
Antenna Complexes 

On time scales of hours to days, cells can 
photoacclimate to changes in irradiance by differential 
gene expression of light harvesting complex genes 
and post-translational control of pigments within 
pre-existing pigment protein complexes. This 
phenomenon has been most clearly identified in 
cyanobacteria (Chapter 17, Grossman et al.). 

One example of differential gene expression in 
response to changes in irradiance is found in 
Prochlorococcus. This genus is a group of marine 
cyanobacteria that contain a chlorophyll a/b light 
harvesting complex. There are two basic strains of 
Prochlorococcus: one contains a relatively low 
concentration of pigments and appears to be 
permanently adapted to high light, while the other is 
a low light strain with relatively high pigment contents 
(Partensky et al., 1993; Partensky et al., 1997). The 
Chi £>-binding proteins in these organisms (Prochloro- 



phyte chlorophyll Z?-binding proteins, pcbs) are 
derived from a separate protein family than that of 
the Chi a/Z?-binding proteins in chlorophyte algae 
and higher plants (LaRoche et al., 1996, Garzarek et 
al., 2000; Chapter 1, Green and Anderson). In the 
low-light-adapted strain, the Pcb gene family is 
comprised of seven genes encoding different Pcbs. 
In the high-light-adapted strain, there is a single pcb 
gene (Garczarek et al., 2000). Photoacclimation in 
the low light strain appears to be associated with 
differential expression of some of the pcb genes 
(Partensky et al., 1997, Garczarek et al., 2000). The 
differential expression of the external antenna (pcbA) 
and core (psbC) genes has been hypothesized as a 
mechanism of regulation of the antenna size used by 
Prochlorococcus cells to cope with excess light energy 
(Garczarek et al., 2001). 

Light induced changes in antenna pigment compo- 
sition in eukaryotic algae is less well understood. In 
eukaryotic algae, nuclear encoded light harvesting 
proteins comprise gene families (Grossman et al., 
1990; LaRoche et al., 1990, 1994; Green and Durn- 
ford, 1996). Changes in light intensity and/or quality 
may lead to differential expression of one or more of 
the Lhcb genes, which can, in turn, lead to altered 
pigment composition in the antenna complex. This 
process can be post-translationally controlled 
(Mortain-Bertrand et al, 1990), but is also trans- 
criptionally regulated. For example, in the unicellular 
chlorophyte alga, Dunaliella tertiolecta, there are 
four Lhcb genes (Sukenik et al., 1988; LaRoche et 
al., 1990). Under low to moderate light, two of these 
genes are highly expressed, giving a phenotype 
relatively rich in chlorophyll b (Sukenik et al., 1988). 
If chlorophyll a synthesis is blocked with gabaculene 
and the cells are placed in low light, chlorophyll a 
within the existing light harvesting complexes can 
be converted to chlorophyll b (Mortain-Bertrand et 
al., 1990). However, when the cells are exposed to 
high light (approximately 2000 pmol quanta m~^ s“'), 
a second set of genes, that preferentially bind lutein, 
are expressed (Sukenik et al., 1987b). The lutein- 
containing light harvesting protein complex transfers 
excitation energy to PS II with far lower efficiency 
than the chlorophyll £>-containing light harvesting 
complex. Hence, the differential gene expression, 
induced solely by changes in light intensity, can lead 
to antenna systems that have differing effective 
absorption cross sections. 
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B. Changes in the Level of Expression of Lhcb 
Genes 

In both prokaryotic and eukaryotic algae, changes in 
irradiance level lead to changes in the total pigment 
content of the cells. This phenomenon has been well 
studied in many algal taxa, and appears to be universal 
(Myers and Burr, 1940; Myers, 1946; Steemann- 
Nielsen and Hansen, 1959;YentschandRyther, 1967; 
Jorgensen, 1969; Falkowski, 1980; Falkowski and 
Owens, 1980; Perry et ah, 1981). In the chlorophyte, 
Dunaliella tertiolecta, changes in cell pigmentation 
for the light harvesting complexes are transcription- 
ally mediated (Escoubas et al., 1995) and follow 
first-order kinetics (Sukenik et al., 1 990). Changes in 
light harvesting complexes often are accompanied 
by ehanges in reaction center proteins (Falkowski 
and Owens, 1980). In some cases, the changes in the 
level of expression lead to post-translational 
modification of excess carotenoids, which act as ‘ sun- 
screens,’ competing with light harvesting complexes 
for excitation energy (Ben-Amotz and Avron, 1983; 
Lee and Ding, 1 99 l;01aizola and Yamamoto, 1994b). 
In the case of cyanobacteria, changes in chlorophyll 
content are correlated with changes in reaction centers 
(Raps et al., 1983; Fujita et al., 1990), however, this 
does not necessarily occur in eukaryotic algae 
(Falkowski and Owens, 1980; Falkowski etal., 1981). 
We will examine the implications of the two 
photoacclimation strategies in the next section. 
Regarding the changes in the light harvesting 
complexes per se, we are faced with the question of 
how does a cell perceive the changes in irradiance 
levels and how is that signal transduced to regulate 
expression of the light harvesting complex genes? 



In 1971, Beale and Appleman reported that sub- 
lethal concentrations of DCMU could upregulate 
cellular chlorophyll levels in Chlorella (Beale and 
Appelman, 1971). Following on that observation, 
Escoubas et al. (1995) investigated the effects of 
numerous photosynthetic electron transport inhibitors 
on chlorophyll and Lhcb mRNA levels in Dunaliella 
tertiolecta. This genus of unicellular chlorophytes 
displays a particularly wide dynamic range of cellular 
chlorophyll content and is a convenient model 
organism for studies of photoacclimation (Falkowski 
and Owens, 1980; Baroli and Melis, 1996). When 
0.5 /iM DCMU is added to cultures grown under 
high light conditions, there is a two fold increase in 
Lhcb mRNA levels (Fig. 9). In contrast, in cells 
grown with sub-lethal concentrations of DBMIB 
there was a 75% decrease in the steady state of lhcb 
mRNA levels and cellular chlorophyll content 
declines. Inhibitors on the donor side of PS II or the 
acceptor side of PS I have minor effects. Based on 
these experimental results, Escoubas et al. (1995) 
concluded that the redox-state of the plastoquinone 
pool acts as a sensor for photosynthetic acclimation. 
This conclusion is consistent with the observations 
by Fujita et al. (1994). Simultaneously, Maxwell et 
al. ( 1 995) provided evidence that lower temperatures 
could lead to a reduction of the quinone pool at low 
light in Dunaliella salina. The role of the plasto- 
quinone pool in regulating the acclimation of light- 
harvesting proteins and other photosynthetic genes 
was subsequently demonstrated in Chlorella vulgaris 
(Wilson and Huner, 2000) and higher plants (Pfann- 
schmidt et al., 1999). 

Perhaps the most compelling evidence that the 
redox state of the plastoquinone pool is a light sensor 













Fig. 9. RNA blot showing how redox poise affects cabl {Lhcb) transcript abundance in Dunaliella tertiolecta. Cultures were grown in 
the presence of sublethal concentrations of the photosynthesis inhibitors DBMIB and DCMU. In the DBMIB experiment, cultures were 
illuminated at 700 /iE-1 s“' m“^; in the DCMU experiment, at 1500 fjE-\ s~^ m“^. The lower bands represent the mature transcript, the 
upper bands the unprocessed transcript. The same amount of total RNA was loaded for each sample. (Data from Escoubas et al., 1995.) 
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is based on site directed mutants of Chlamydomonas 
reinhardtii in which Ala251 in the D1 protein of 
Photosystem II was changed to Leu or He (Lardans et 
al., 1998). This position is at the border of the Qg 
binding site. The Leu and He mutants were 
photosynthetically competent, but the rate of electron 
transfer from to Qg was reduced by almost an 
order of magnitude; i.e., the cell behaves as if it were 
growing continuously with sub-lethal concentrations 
of DCMU. The phenotype of these cells is low light 
adapted (Lardans et al., 1998). Fast repetition rate 
fluorescence transients on A251L confirm that the 
plastoquinone pool is oxidized, even under high 
excitation pressure (Fig. 10). Conversely, a mutation 
of subunit IV in cytochrome b^fm Chlamydomonas, 
which results in a photosynthetically competent cell 
but with a reduced affinity of plastoquinol in the 
oxidizing site, is phenotypically a low light adapted 
cell; the quinone pool in this organism is highly 
reduced under moderate excitation pressure (Fig. 
10 ). 

Several putative regulatory motifs, related to those 
of higher plants (Terzaghi and Cashmore, 1995) 
were detected in the Lhcb promoter region in D. 
tertiolecta. These were hypothesized to be involved 
in irradiance mediated transcriptional control of Lhcb 
gene expression (Escoubas et al., 1995). Electro- 
phoretic mobility shift assays were used to identify 
several DNA-binding complexes whose binding 
activities are regulated by redox control through the 
quinone pool. The binding activities of these 
complexes appear to be enhanced in the presence 
of DCMU, but decreased with DBMIB. These binding 
activities occur within a 1 66 bp long region on the 5 ' 
strand upstream of the Lhc promoter. Among three 
tentative binding motifs, all duplicated in that 
region, a TCTAA box (consensus core sequence: 
TCTAAHGT) is also found in the similar upstream 
promoter regions of cab genes from Chlamydomonas 
reinhardtii (cabl) and Arabidopsis thaliana (cab2 
and cab3). The correlation between binding kinetics 
of the DNA-binding complexes and the Lhc mRNA 
levels suggests a regulatory role for those DNA 
binding proteins during photoacclimation. The signal 
transduction pathway between chloroplast and 
nucleus is unknown although the phosphatases 
inhibitor experiments suggest the involvement of a 
phosphorylation cascade that could be triggered by a 
reduced redox state of plastoquinone pool (Escoubas 
et al., 1995). 



C. Changes in the Numbers of Reaction 
Centers, n 

Changes in n can affect both and , however, 
the actual affects are counterintuitive. We consider 
two phenomena: downregulation of PS II reaction 
centers at high irradiance levels, and net synthesis or 
degradation of reaction centers resulting from 
acclimation to a new irradiance. 

On time scales of tens of minutes to hours, the 
cellular content of functional reaction centers can be 
altered. We will not discuss here the mechanisms 
that lead to the dynamical ‘downregulation’ of PS II 
(Baker and Bowyer, 1992; Osmond, 1994), suffice to 
say that there are some processes that can temporarily 
reduce electron transport through PS II reaction 
centers without an accompanying loss of reaction 
center proteins. This type of down regulation occurs 
in natural phytoplankton communities (Falkowski, 
1992) and in zooxanthellate corals (Gorbunov et al., 
2001) in mid day, and should not be confused with 
photodamage. In the former, inhibition of plastid 
encoded protein synthesis (with, for example, 
lincomycin) does not impact the recovery of the 
reaction center function at low light, while in the 
latter it does. Recovery from downregulation obeys 
first order kinetics with a half-time of about 1 5 to 60 
min, depending upon temperature. The down- 
regulation phenomenon can be induced by high 
irradiance levels (or low temperature), and is 
manifested primarily as a reversible reduction in the 
quantum yield of PS II (e.g., in variable fluorescence). 
It should be noted that down regulation (or 
photodamage to PS II reaction centers, for that matter) 
does not necessarily affect the overall photosynthetic 
electron transport rate. Under nutrient replete 
conditions, there is often excess photosynthetic 
electron transport capacity; light saturated photo- 
synthesis is limited by consumption of reductants in 
the dark reactions (Stitt, 1986; Sukenik et al., 1987). 
Hence, a loss of up to 50% of the reaction centers can 
have little or no effect on but does affect a® 
(Behrenfeld et al., 1998). 

On time scales of hours to days, the accumulation 
or loss of cellular chlorophyll (during the acclimation 
to lower or higher irradiance levels, respectively) is 
often accompanied by changes in the number of 
reaction centers. As cells acclimate to lower irradiance 
levels, the increase in density of PS II and PS I 
reaction centers can be significant (Falkowski et al., 
1981; Falkowski, 1984b; Sukenik et al., 1987), 
however, perhaps paradoxically, P® almost always 
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Chlamydomonas mutants 




Flashlet # 



Fig. 10. FRRF profiles (see Fig. 6 ) of two mutants and a wild type Chlamydomonas. In mutant A251L sup, amino acid 251 in the D1 
protein was altered by site directed mutagenesis from alanine to leucine, leading to a ten-fold decline in the rate of electron transfer from 
Qa Qb- Note that in this mutant the PQ pool is oxidized under conditions of high excitation pumping. In mutant cc2964, there is a defect 
in subunit IV of the cytochrome 65 / complex which slows down the oxidation of PQH 2 . cc 125 is the wild type. Relative to the wild type, 
A25 IL sup has high chlorophyll content at high light, while cc2964 has low chlorophyll content when the cells are grown at low light. 
(Data from Lardans et al., 1998) 



decreases. Hence, the more reaction centers the cell 
has, the slower the rate of electron throughput per 
reaction center. The changes in n compensate for 
changes in low irradiance by increasing light 
harvesting and lowering Ej, but not increasing the 
maximum quantum yield. Because of self-shading 
within the cell, increases in cellular chlorophyll (i.e., 
either through increased synthesis of light harvesting 
systems and/or by increases in n) do not lead to 
increases in the maximum quantum yield of 
photosynthesis. Actually, the opposite usually occurs. 
The higher the cellular content of chlorophyll, the 
lower the optical absorption cross section per 
chlorophyll molecule (i.e., a* decreases). Inspection 
of Eq. (1) reveals that this phenomenon must lead to 
a decrease in the maximum quantum yield. 

It should be noted that to change the level of light 
harvesting complexes or photosynthetic electron 
transport components, the cell must differentially 
synthesize more of the desired component than 
required for steady state growth (if the component is 



to increase), or conversely dilute the component 
through cell division or via active degradation (if the 
component is to decrease). These processes are not 
simply mirror images of each other. An increase in a 
pool of a component requires resources, such as 
nitrogen. Under nutrient (especially nitrogen and 
iron) limitation, cells cannot fully acclimate to low 
irradiance levels (Greene et al., 1992). When a cell 
needs to reduce the pool size of a component, such as 
a light harvesting complex, it can actively degrade as 
well as dilute the pools (Falkowski, 1984b). 

The inverse relationship between n and first 
observed in nutrient replete, continuous cultures of 
Chlorella as they acclimated to different light 
intensities (Myers and Graham, 1971), is associated 
with changes in r. Essentially, the fundamental 
observation is that the more reaction centers a cell 
produces in response to a decrease in light, the 
slower is the maximum rate of electron transport 
from water to the terminal acceptor (usually CO 2 ). In 
examining what may cause this limitation, Sukenik 
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et al. (1987a) showed that in Dunaliella, the changes 
in n (and cellular chlorophyll) were not accompanied 
by changes in Rubisco. Hence, while all the 
components of the photosynthetic electron transport 
chain changed in concert, the ratio of the electron 
transport components to the Calvin cycle capacity 
changed inversely with irradiance. The ratio of ETC/ 
Rubisco was linearly correlated with the maximum 
rate of electron transport (1/t). The effect of this 
acclimation strategy is that Ej^ decreases markedly as 
cells acclimate to lower irradiance levels, but light 
saturated photosynthesis declines. As light is 
increased for a low light acclimated cell, the potential 
to reduce the plastoquinone pool is higher (because 
Ej^ is lower), hence the cell can use the redox state to 
decrease the rate of synthesis of light harvesting and 
electron transport components. How these signals 
are coordinated amongst all the components involved 
is unknown. 

D. The Relationship Between the Optical and 
Effective Absorption Cross Sections 

The maximum quantum yield of photosynthesis can 
be obtained from Eq. (1), however, if we consider 
both Eqs. 1 and 3, we find: 

<^max=(no-psii)/a* (7) 

where (n cjpjj) is the effective absorption cross section 
for a photosynthetic unit (i.e., for O 2 ) evolution. 
Hence, the maximum quantum yield of photo- 
synthesis can be related to the ratio of two cross 
sections: the effective absorption cross section for O 2 
evolution to that of spectrally integrated optical 
absorption cross section (Falkowski and Raven, 1997; 
Ley and Mauzerall, 1982). Both cross sections are 
normalized to chlorophyll. 

Equation (7) reveals that changes in n or cjpgj, can 
result in changes in the maximum quantum yield of 
O 2 evolution without necessarily invoking any change 
in the quantum yield of photochemistry in PS II. 
Hence, if a cell decreases (Jpji by engaging a 
xanthophyll cycle (for example), as long as a* does 
not change, the maximum quantum yield of 
photosynthesis will decrease. This conclusion applies 
to any non-photochemical quenching mechanism in 
the antenna (i.e., any process that influences (jpg„ but 
not a*). 



VIII. The ‘Nested Signal’ Hypothesis 

The forgoing discussion of photoacclimation 
responses suggests that redox signaling involves the 
plastoquinone pool and perhaps other electron 
transport carriers (Durnford and Falkowski, 1997; 
Pfannschmidt et al., 2001). All the primary 
photoacclimation response functions, regardless of 
the time scale, suggest that transduction of the primary 
signal (e.g., spectral irradiance) is mediated by a 
nested set of responses (Durnford and Falkowski, 
1997). This ‘nested signal’ hypothesis suggests that 
as irradiance levels increase, the initial reduction of 
the plastoquinone pool induces a state transition and/ 
or non-photochemical quenching associated with 
de-epoxidation of xanthophylls. This response, 
occurring within a few seconds and achieved within 
minutes, is the first level of feedback within the 
nested series. As the resulting effective absorption 
cross section changes, the plastoquinone pool 
becomes increasingly oxidized. However, if irradiance 
increases further, and the dynamic range of these 
short-term alterations in CTpgjj is not sufficient to keep 
the pool partially oxidized, the continued excitation 
pressure will lead to a downregulation of Lhcb gene 
expression. This process, once engaged, reduces both 
the effective and optical cross sections of the cell, 
and is a second line of response. The cell commitment 
to this response function is considerable; cessation 
of steady-state protein synthesis potentially reduces 
the fitness of the next generation of daughter cells. 
Cells do not commit to either up- or down-regulation 
of protein synthesis with the passage of each cloud 
across the sky. The excitation pressure must be 
sustained for approximately 10% of the cell division 
cycle. Finally, at very high irradiance levels, 
differential expression and/or the accumulation of 
non-photosynthetically active carotenoids become 
the last line of response. The signals for these 
responses remain to be elucidated, however, mutant 
analysis with Chlamydomonas reinhardtii suggests 
that the redox state of the plastoquinone pool is 
involved (Forster et al., 2001). The nested response 
sequence is maintained as cells acclimate to low 
irradiances, however the sign of the change is 
reversed. 

The natural variance in spectral irradiance has 
provided a strong selection mechanism for photo- 
acclimation. That these processes appear to be so 
widely distributed in all algal taxa, and are found to 
varying degrees in vascular plants (which evolved 
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from one class of green algae (Bhattacharya and 
Medlin, 1998)), suggests that the basic mechanisms 
of the acclimation processes are highly conserved. 
Fundamentally, the responses facilitate changes in 
the photosynthesis-irradiance relationship on time 
scales of minutes to days. Such responses are critical 
to the evolutionary persistence of each extant algal 
species, many lineages of which predate terrestrial 
plants by over 2 billion years of Earth’s history 
(Knoll, 1992). The evolution of the processes 
themselves presently lies in the realm of speculation, 
however, we propose that light-induced changes in 
gene expression were the first strategy to emerge, 
followed by protein phosphorylation (state-transi- 
tion), followed by differential gene expression and 
finally, the xanthophyll cycle. That all of these work 
in concert to give a flexible set of feedback responses 
for the photosynthetic machinery is one of the mira- 
cles of the evolutionary design of photosynthetic 
light harvesting systems. 
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Summary 

The regulation of purple bacterial photosynthetic light-harvesting complex gene expression is reviewed in the 
context of the available structure data. Although purple bacterial light-harvesting complexes are relatively 
simple pigment-protein structures, the amounts (and, in some species, the types) of these structures depend on 
environmental factors such as oxygen concentration and light intensity. Multiple regulatory mechanisms, 
which are incompletely understood, modulate the formation of these complexes. This Chapter covers topics 
ranging from the regulation of gene transcription initiation, through mRNA processing, post-translational 
enzyme activities and protein modification, to assembly of complexes. 



I. Introduction 

A. Overview of Functions 

Purple photosynthetic bacteria contain integral 
membrane, pigment-protein light-harvesting (LH) 
complexes that are commonly referred to as LHI or 
LHII. The LHII complex functions in photosynthesis 
to absorb and transfer light energy to the LHI complex, 
which transfers energy to the photochemical reaction 
center (RC) where a cyclic series of electron and 
proton transfer reactions initiates. This series of 
energy transfers and oxidation-reduction reactions, 
which involve the cytochrome bc^ complex, 
culminates in the formation of a proton gradient 
across the cytoplasmic membrane (for reviews see 
Prince, 1990; Sundstrom and van Grondelle, 1995; 
Okamura et al., 2000). 

B. Overview of Structures 

Although a detailed description of the structures of 
LH complexes is given in Chapter 5 (Robert et al.), 
we summarize some key points. A conserved feature 
of purple bacterial LH complexes is the association 
of one each of two small proteins (designated a and 
j3), two or three bacteriochlorophyll (BChl) molecules, 
and one or two carotenoid molecules to form a 
fundamental a/p subunit. It is thought that from 
eight (LHII) to sixteen (LHI) subunits form the LH 
complexes. The BChl pigments, and complexes, may 
be described according to the positions of their main 
absorption bands in the near-infrared region of the 
spectrum. For example, the LHI complex is 
sometimes known as the B870 (or B875, B890, etc.) 

Abbreviations: BChl - bacteriochlorophyll; bp - base pairs; 
LH - light-harvesting; nt - nucleotide; orf - open reading frame; 
Rb. - Rhodobacter; RC - reaction center; Ro. - Roseobacter; 
Rps. - Rhodopseudomonas; Rsp. - Rhodospirillum; Ru. - 
Rubrivax; Rv. - Rhodovulum 



complex since the BChl molecules absorb light at 
870 nm or other similarly long wavelength when 
fully oligomerized as part of a complex. Likewise, in 
some species the LHII complex is designated as the 
B800-850 complex since the environment around 
some BChl molecules in this complex causes them to 
absorb light of 800 nm, whereas other LHII BChl 
molecules, which interact more closely, absorb at 
850 nm. LHI, the RC-associated complex, contains 
two BChl molecules per subunit, whereas the 
relatively RC-peripheral LHII contains three BChl 
molecules per subunit. Various carotenoids exist and 
some purple bacterial species contain BChl b as 
opposed to BChl a, but we do not distinguish between 
these pigments. 

X-ray crystallography of purified LHII complexes 
from Rhodopseudomonas acidophila and Rhodo- 
spirillum molischianum revealed that the complexes 
in these crystals have the shape of a torus 
(‘doughnut’). These complexes are composed of 
concentric rings of eight or nine identical subunits of 
a and P proteins (each of which contain an alpha 
helix that spans the membrane), with three BChl 
molecules and a carotenoid bound to each subunit 
(McDermott et al., 1995; Koepke et al., 1996; Chap. 
5, Robert et al. and Color Plates 2 and 3). The a 
polypeptides form the inner wall of the torus, the P 
polypeptides form the outer surface, and the BChl 
and carotenoid pigments are mainly sandwiched 
between these two proteins. Two-dimensional crystals 
of the Rhodobacter capsulatus LHII complex 
evaluated by electron microscopy suggested a 
nonameric arrangement of subunits, similar to the 
Rps. acidophila structure (Oling et al., 1996). 

Electron microscopy of two-dimensional crystals 
of LHI and LHI/RC co-complexes from Rhodo- 
spirillum rubrum were interpreted as an LHI ring of 
16 aip subunits surrounding the RC (Walz and 
Ghosh, 1997). The LHI complex recently was 
proposed to be a square structure rather than a circle. 
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and it was speculated that an additional factor might 
influence the interaction of the RC and LHI complexes 
to form a square shape (see Section IVF for a 
discussion of the Rsp. rubrum Q protein) (Stahlberg 
et al, 1998a; Stahlberg et al, 1998b). A projection 
map of two-dimensional crystals of the Rhodopseu- 
domonas viridis LHI/RC core complex indicated an 
electron-dense center (thought to be the RC) 
surrounded by areas of electron density that were 
interpreted as concentric rings of LHI a and j8 
polypeptides (Ikeda- Yamasaki et al., 1998). Electron 
microscopy of two dimensional crystals of LHIl, 
LHI, and LHI/RC co-complexes from Rhodobacter 
sphaeroides revealed structures resembling those 
observed in Rps. acidophila, Rsp. rubrum, Rb. 
capsulatus and Rps. viridis (Walz et al., 1998). 

Electron micrographs of membranes from a mutant 
strain of Rb. sphaeroides lacking the LHII suggested 
an alternative model, in which two LHI complexes 
were organized in C-shaped structures, each partially 
enclosing a RC complex and linked by a single 
cytochrome bcj complex (Jungas et al., 1 999). In this 



interpretation, the two LHI/RC core complexes have 
a pseudo two-fold symmetry centered on a single 
cytochrome bc^ complex, and it was estimated that 
each C-shaped LHI structure was composed of 12 
a P subunits. The organization of LHI as a C-shaped 
as opposed to a ring structure might not affect light 
absorption and energy transfer, so long as at least 
four to six interactive BChls (two to three a /3 subunits) 
are present in LHI (Monshouwer et al., 1997). 

It is conceivable that there is a degree of 
heterogeneity in vivo such that LHI complexes contain 
variable numbers of subunits, and that this variability 
results in both ring- and C-shaped LHI structures 
(Pugh et al., 1998). 

C. Overview of Light Harvesting Complex 
Regulation 

A scheme representing some of the factors and the 
processes involved in LH complex formation is given 
in Fig. 1, with details available in subsequent pages. 
In general, cells of purple bacteria exposed to high 




Fig. 1. Abbreviated flow diagram indieating the variety of elements implicated in the regulation of LH complexes in purple bacteria. 
White arrowheads indicate potential regulatory controls, whereas black arrowheads indicate progressive stages in transcription, 
translation and assembly. This scheme is a minimal synthesis of the results of experiments on Rb. capsulatus and Rb. sphaeroides, and 
lacks some proposed processes and factors. Please see the text for details. 
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concentrations of oxygen contain few or no LH 
complexes, and high light intensities reduce LH 
complex amounts in anaerobic cultures. This 
regulation occurs during transcription initiation, and 
post-transcriptionally due to differential rates of 
mRNA decay and modulation of the activity of 
pigment synthesis enzymes. The assembly of the LH 
polypeptides and pigment molecules into pigment- 
protein complexes adds another potential component 
of regulation. 

Transcription of bch (BChl biosynthesis) genes is 
weakly repressed under aerobic conditions of growth 
(Bauer and Bird, 1 996), and so it seems that significant 
amounts of BChl biosynthesis enzymes are present 
in cells that produce little or no BChl. Thus, oxygen 
regulation of BChl synthesis (and LH complex 
formation) is to a large extent due to posttranslational 
modulation of Bchl enzyme activities. Excess (LH- 
or RC-free) BChl is not detectable in cells, BChl 
synthesis is reduced in mutants that lack one or more 
LH complex proteins, and no BChl is produced by 
mutants that lack all of the pigment-binding proteins 
of the RC and LH complexes. However, mutants 
blocked at any of the steps in the BChl biosynthetic 
pathway accumulate massive amounts of a precursor 
(the substrate of the enzyme inactivated by mutation), 
and BChl is overproduced in the presence of inhibitors 
of heme biosynthesis (Houghton et al., 1982). It 
seems that free BChl, a precursor or a BChl degra- 
dation product) and the production of heme (or a 
cytochrome) feed-back inhibit the activity of the 
enzyme that catalyzes the first step (or all enzymes) 
of the BChl biosynthetic pathway. There is analogous 
regulation of carotenoid biosynthesis but, although 
transcription of carotenoid biosynthetic genes varies 
in response to oxygen concentration, little is known 
about the regulation of enzyme activity. Recent 
reviews and other papers describe much of what is 
summarized in Fig. 1 (Klug, 1993; Bauer, 1995; 
Biel, 1995; Drews and Golecki, 1995; Wong et al., 
1996;Youngetal, 1998;Zeilstra-Ryallsetal., 1998; 
Oh and Kaplan, 2001), yet there is a great need for 
careful experiments to evaluate the details of these 
transcriptional and post-transcriptional processes in 
LH complex regulation. 

To summarize this introduction, incompletely 
understood mechanisms coordinate the synthesis of 
pigments and pigment-binding proteins of LH 
complexes in response to environmental conditions. 
Oxygen inhibits transcription of LH structural protein 
genes and to a lesser extent pigment biosynthesis 
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genes, and the activity of pigment biosynthetic 
enzymes seems to be inhibited by oxygen. High light 
intensities reduce transcription of LH structural genes 
and increase BChl degradation. In the following 
pages we expand on these previously reviewed 
regulatory processes and include new information 
on LH complex assembly. 

II. Gene Organization and Expression 

Several species of purple photosynthetic bacteria 
contain a large (ca. 46 kb in Rb. capsulatus) 
chromosomal gene cluster that encodes enzymes for 
pigment biosynthesis, the protein components of 
LHI and RC complexes, and an LHI complex 
assembly factor. The bch genes encode BChl 
biosynthetic enzymes, crt genes encode carotenoid 
biosynthetic enzymes, puf genes encode LHI and 
two (L and M) RC proteins, and the puhA gene 
encodes the third (H) RC protein. In Rb. capsulatus, 
Rb. sphaeroides, Rps. palustris and Rubrivivax 
gelatinosus the LHII complex genes are not located 
within this gene cluster (Igarishi et al., 1998; 
Haselkom et al. 2001 ; Mackenzie et al, 2001 ; http:// 
genome . oml . gov/microbial/rpal/) . 

Since the greatest number of genetic experiments 
have been done on Rb. capsulatus and Rb. 
sphaeroides, the following text is focussed on these 
two species. 

A. puf (LHI) Operons 

1. Genes and Transcripts 

The pw/operons of Rb. capsulatus miRb. sphaeroides 
consist of the genes pufQBALMX, but several other 
species appear to lack pufQ and puflC genes, at least 
as part of a puf operon (Fig. 2). The pufB and puf A 
genes encode, respectively, the LHI f and a proteins. 
The pufQ gene encodes a protein required for BChl 
biosynthesis (Section IVB), and encode the L 
and M proteins of the RC. In Rhodobacter species, 
pufX encodes a protein required to facilitate quinone/ 
quinol exchange between the Qg site of the RC and 
the cytochrome fee, complex and, perhaps, for 
dimerization of LHI/RC core complexes (Youvan et 
al., 1984; Bauer and Marrs, 1988; Barz and Oesterhelt, 
1994; Lilburn et al., 1995; Francia et al., 1999). 
Rhodovulum sulfidophilum contains a pufQBALMC 
gene sequence in which the pufC gene encodes a 
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multi-heme cytochrome similar to (yet interestingly 
different from) other purple photosynthetic bacteria 
that contain a pufC gene located 3 ' of pufM (Masuda 
et al., 1999). Rps. viridis, Rsp. molischianum, 
Roseospirillum parvum, Amoebobacter purpureus 
and the obligately aerobic bacterium Roseobacter 
denitrificans possess a pufBALMC operon (Beatty, 
1995; Tuschak, Overmann and Beatty, unpublished). 
The purple sulfur bacterium Chromatium vinosum 
contains a pufBALMC operon that is followed by an 
additional copy of the pufBA genes (Corson et al., 
1999). 

Transcription of the Rb. capsulatus puf operon is 
initiated from three promoters that give rise to 
overlapping mRNA transcripts (Fig. 2). These 
promoters consist of the strongly oxygen-regulated 
puf promoter within the bchZ gene (located 
immediately 5' of the pufQ gene) and, in order of 
increasing 5' distance from the puf genes, the 
bchCXYZ and crtEF pigment biosynthesis gene 



promoters (Wellington and Beatty, 1991; Wellington 
et al., 1991; Bauer, 1995). This transcriptional 
arrangement couples the transcription of LHI and 
RC genes to pigment biosynthetic genes, which 
facilitates rapid transitions from aerobic respiratory 
to anaerobic photosynthetic growth modes (Welling- 
ton et al., 1992). 

2. Regulation of Transcription Initiation 

Although it seems that as much as 60 to 80% of Rb. 
capsulatus puf gene transcription initiates at the 
bchCXYZ and cr/£'F promoters (Fig. 2), we focus on 
the puf promoter region because little research has 
been done on the regulatory effects of 5 ' transcription 
read- through into the puf operon (Wellington et al., 
1991; Bauer, 1995). Early experiments indicated 
that the expression of LHI complex (and RC) genes 
is coordinated with the expression of pigment 
biosynthetic enzyme genes in response to changes in 
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Fig. 2. Comparison of puf operon gene organization in three species, and Rb. capsulatus puf messages. Carotenoid biosynthesis {crt) 
genes are represented by diamond-filled boxes, BChl biosynthesis {bch) genes by grid-filled boxes, RC genes by black boxes, and LH 1 
genes by empty boxes. B2 and A2 designate LHII gene homologs. The positions of RNA stem-loop structures are indicated. Primary 
transcripts are represented by lines with vertical connections to sites of initiation. The approximate amounts of processing products are 
represented by lines with thickness indicative of the relative steady-state amounts of each segment. 
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oxygen tension and light intensity (Clark et al, 1 984; 
Zhu et al, 1986; Zhu and Hearst, 1986). It was 
reported that inverted repeat DNA sequences located 
immediately 5 ' of the Rb. capsulatus puf promoter 
form two distinct protein-DNA complexes under 
conditions of high oxygen tension, and that a single 
base pair mutation in this region reduced oxygen- 
and light-dependent repression of puf operon 
transcription (Narro et al, 1990; Klug, 1991a; Klug 
and Jock, 1991). An analogous region of dyad 
symmetry exists upstream of the puf promoter in Rb. 
sphaeroides, which was shown to bind a protein 
under growth conditions of high oxygen tension or 
high light intensity (Shimada et al., 1993). 

Some of the trans-?iCtiYQ genes that control 
transcription initiation at the puf promoter have been 
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identified and the signal transduction mechanisms 
that, in turn, regulate this activity are becoming more 
clear. Table 1 lists genes that encode trans-diCtb/Q 
proteins or ‘downstream’ signal transduction 
components. 

A cluster of Rb. capsulatus regulatory genes that 
includes regA, regB, hvrA and senC was identified by 
Bauer and coworkers (Bauer, 1995). The Rb. 
capsulatus regA gene product was the first trans- 
active factor identified in the induction of photo- 
synthesis gene expression at reduced oxygen tensions, 
as evaluated by the expression of lacZ fusions to 
photosynthesis genes in regA^ and regyf" strains. The 
RegA derived amino acid sequence is similar to 
response regulator proteins but not to subclasses of 
these proteins that bind DNA (Sganga and Bauer, 



Table 1. Known or proposed genes that regulate the amounts of LH complexes in response to oxygen concentration or light intensity in 
purple bacterial species^ 



Gene 

Designation 


Known or Proposed 
Activity of Gene Product 


Species Known to 
Contain Gene 


Representative 

References 


regB 

prrB 


sensor kinase 
(phosphorylates RegA) 


Rb. capsulatus 
Rv. sulfidophilum 
Ro. denitrificans 
Rb. sphaeroides 


(Bauer and Bird, 1996) 
(Masuda et al., 1999) 
(Masuda et al., 1999) 
(Eraso and Kaplan, 1996) 


regA 

prrA 


response regulator 
(transcription regulator) 


Rb. capsulatus 
Rv. sulfidophilum 
Ro. denitrificans 
Rb. sphaeroides 


(Bauer and Bird, 1996) 
(Masuda et al., 1999) 
(Masuda et al, 1999) 
(Eraso and Kaplan, 1994) 


crtJ 

ppsR 


transcription regulator 


Rb. capsulatus 
Rb. sphaeroides 


(Nickens and Bauer, 1998) 
(Gomelsky and Kaplan, 1995) 


hvrA 

spbC 


light-sensitive transcription 
regulator 


Rb. capsulatus 
Rb. sphaeroides 


(Buggy et al., 1994) 
(Zeilstra-Ryalls et al., 1998) 


fnrL 


oxygen/redox-sensitive 
transcription regulator 


Rb. sphaeroides 


(Zeilstra-Ryalls and Kaplan, 1 998) 


ccoQ 


transmitters of cytbb^ redox state 


Rb. sphaeroides 


(Oh and Kaplan, 2001) 


him A and hip 
(himD) 


subunits of IHF (DNA- 
bending protein) 


Rb. sphaeroides 
Rb. capsulatus 


(Zeilstra-Ryalls et al., 1998) 
(Nickens and Bauer, 1998) 


appA 


Unknown 


Rb. sphaeroides 


(Gomelsky and Kaplan, 1998) 


mgpS 


Unknown 


Rb. sphaeroides 


(Zeilstra-Ryalls et al., 1998) 


orf798 


Unknown 


Rb. capsulatus 


(Pollich and Klug, 1995) 



’ Includes only sequences thought to encode proteins that act near or at the termini of puf, puc and/or bch gene regulatory cascades in the 
species listed. Some equivalent genes have different names in Rb. sphaeroides; for example, Rb. capsulatus regB = prrB of Rb. 
sphaeroides, etc. 
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1992). However, DNase I footprinting experiments 
using a mutant version of the RegA protein (RegA*) 
demonstrated binding of RegA* to puf promoter 
DNA, and it was proposed that RegA directly activates 
puf gene expression by binding to DNA (Du et ah, 
1998). 

The Rb. capsulatus regB gene encodes a mem- 
brane-bound sensor kinase protein capable of 
autophosphorylation and transfer of a phosphate 
group to the RegA protein (Mosley et al., 1994; 
Inoue et al., 1995). The RegA and RegB proteins 
appear to be part of a two-component oxygen-sensing 
regulatory system, which includes the phosphor- 
ylation of RegA by RegB followed by RegA activation 
of gene transcription in response to reduced levels of 
molecular oxygen (Mosley etal., 1994;Bauer, 1995). 

Oxygen-dependent regulation of transcription 
initiating at the Rb. capsulatus puf promoter was 
proposed to rely on the presence of a late intermediate 
of BChl synthesis or the BChl molecule itself (Rodig 
et al., 1999). An additional factor in the activation of 
puf expression in response to oxygen levels is SenC, 
although the mechanism by which this protein 
regulates expression is unknown (Buggy and Bauer, 
1995). 

Homologues of the Rb. capsulatus regA and regB 
genes exist in Rb. sphaeroides (in which they are 
known as prrA and prrB, respectively), as does a 
senC homologue named prrC, and disruptions in 
these genes affect transcription in the same manner 
in i^Z?. capsulatus (Zeilstra-Ryalls et al., 1998). The 
ccoNOQP genes encode the cbb^ cytochrome c 
oxidase of Rb. sphaeroides and the rdxB gene encodes 
a putative membrane-bound protein that is likely to 
be involved in redox processes. Evidence obtained 
by mutations of the cco and rdxB genes led to a 
model in which the cbb^ oxidase ‘senses’ high oxygen 
levels and, in concert with the RdxB protein, generates 
an inhibitory signal through CcoQ to PrrB which 
represses puf operon expression (Zeilstra-Ryalls et 
al., 1998; Oh and Kaplan, 1999). Two other loci 
involved in the regulation of puf operon expression 
in Rb. sphaeroides are appA and mgpS: the appA 
gene seems to encode a redox-sensing protein, and 
the mgpS gene product was proposed to activate puf 
gene expression under anaerobic conditions 
(Gomelsky and Kaplan, 1998; Zeilstra-Ryalls et al., 
1998). 

In dim light anaerobic conditions, transcription of 
the puf operon is enhanced in Rb. capsulatus and 
contributes to an increase in the number of RC and 



LH complexes (Bauer, 1995). The HvrA protein was 
shown to bind to the puf operon promoter by DNA 
footprinting analysis and to ^ran^'-activate puf operon 
transcription under a reduced light intensity (Buggy 
etal., 1994). The RZ?. sphaeroides ‘SPB’^raw^'-active 
repressor protein that binds to the puf promoter 
region under aerobic or high-light growth conditions 
has 53% sequence identity to the HvrA protein of Rb. 
capsulatus (Nishimura et al., 1998; Zeilstra-Ryalls 
etal., 1998). In Rb. sphaeroides, blue light of 450 nm 
has a particularly strong inhibitory effect on the 
expression of the puf operon (Shimada et al., 1992), 
which might be mediated by the ‘SPB’ (the Rb. 
capsulatus HvrA) protein (Bauer, 1995). 

3. Regulation of mRNA Processing 

Transcription initiated at the Rb. capsulatus puf 
promoter results in a 3 .4 kb mRNA molecule encoding 
the pufQBALMX genes, but this transcript is rapidly 
degraded to a 2.7 kb pufBALMX molecule that in 
turn is processed to a 0.5 kb message segment 
encoding only the pufBA genes (Fig. 2). There is an 
increase in stability after each processing step (Adams 
et al., 1 989). The differential stability of /?w/transcript 
segments is largely responsible for the ^1 5: 1 ratio of 
LHLRC polypeptides in cells, and thus constitutes a 
second level of regulation of puf gene expression 
(Belasco et al., 1985). An RNA stem-loop structure 
in the intercistronic region between pufBA and 
pufLMX message segments inhibits 3'-exoribo- 
nucleolytic decay of pufBA mRNA and helps stabilize 
the pufBA segment following degradation of the 
pufLMX segment (Klug et al., 1987; Chen et al., 
1988). It is possible that a small amount (<25%) of 
transcription attenuates at this stem-loop (Chen et 
al., 1988). Recent evidence suggests that RNA stem- 
loop structures located between pufQ and pufB 
message regions stabilize the pufBA and pufBALMX 
molecules and enhance degradation of the pufQ 
segment of the pufQBALMX transcript (Heck et al., 
1996). This surprising finding raises questions about 
mechanisms of mRNA degradation. The pufLMl^h 
sequences contain at least three sites where 
endoribonucleolytic cleavage may be the rate-limiting 
step in pufBALMX message degradation, although it 
is clear that the degradation of puf mRNA depends 
on a combination of endoribonucleases, exoribo- 
nucleases, and several mRNA hairpin structures (Klug 
and Cohen, 1990; Heck et al., 1996). Degradation of 
the pufBALMX mRNA is accelerated in cells grown 
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under high oxygen tension, adding an additional 
level of complexity to the oxygen-dependent 
regulation of the puf operon (Klug, 1991b). Studies 
of puf mRNA decay in E. coli suggested that an 
RNase E-like activity inRb. capsulatus is responsible 
for the endonucleolytic cleavages both within the 
pufLM region and between pufQ and pufB (Klug et 
al, 1992; HecketaL, 1996). 

4. Posttranslational Processes 

Although the insertion of LH proteins and pigment 
molecules into the intracytoplasmic membrane and 
assembly of complexes must result at least in part 
from the innate properties of the several LH 
components, various cytoplasmic and membrane- 
bound proteins seem to be involved in these processes 
(Drews, 1 996). A model for LHI subunit assembly in 
Rb. capsulatus has the translation of the a and /3 
polypeptides assisted by the chaperonin DnaK, 
followed by interaction of the a and f proteins with 
GroEL, such that stable insertion of the a and (3 
proteins into the membrane is assisted by GroEL and 
membrane-bound translocation factors (Drews, 1 996) 
(perhaps LhaA and, in the case of LHII, PucC; 
Section IV). Thus the activities of chaperonins or 
membrane-bound translocation/assembly factors 
could affect the levels of the LHI holocomplex in 
vivo as part of a posttranslational regulation process. 

Phosphorylation of the Rb. capsulatus a poly- 
peptide at the Ser2 may influence oligomerization of 
the subunits to form the LHI holocomplex (Brand et 
al., 1995). Pulse-labeling of LHIa and LHIIa with 
[^^P] indicated that phosphorylation of these 
polypeptides was greater under aerobic growth 
conditions than under anaerobic conditions. Although 
protein phosphorylation could be involved in 
posttranslational regulation of LH complex forma- 
tion, its role in this process is unclear (Kerber et al., 
1998). Phosphorylation of the chloroplast LHCII 
complex was proposed to cause a change in its three- 
dimensional structure, which appears to increase the 
affinity of this complex for Photosystem I over PS II 
and thus to regulate the distribution of energy between 
the two complexes (Allen and Nilsson, 1 997). Perhaps 
phosphorylation of the purple bacterial LH complexes 
results in conformational changes that modulate 
energy transfer by affecting the association of these 
complexes with each other and the RC complex. 
Other aspects of potential posttranslational regulation 
are mentioned in Sections III and IV 
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B. puc (LHII) Operons 

1. Genes and Transcripts 

A summary of the organization of the Rb. capsulatus 
puc genes and transcripts is given in Fig. 3. The 
pucBA genes encode the protein components of the 
LHII complex, and have been cloned from several 
organisms and sequenced (Drews and Golecki, 1995; 
Germeroth et al., 1996; Hagemann et al., 1997). A 
LHII complex is not found in all purple photosynthetic 
bacteria. Although there are several copies of pucB 
(j8 protein) and pucA {a protein) genes in some 
species (Section II. C), in Rb. capsulatus and Rb. 
sphaeroides a single puc operon contains single 
copies of the pucBA genes, followed by the pucC 
gene. In Rb. capsulatus the pucC gene is followed by 
the pucD and pucE genes, yielding the pucBACDE 
operon (Fig. 3) (Gibson et al., 1992; Drews and 
Golecki, 1995). InRu. gelatinosus, apucC homologue 
was found 5' of pucBA but, interestingly, in the 
opposite orientation (Simmons et al., 1999; Genbank 
Accession No. AJ245615). In Rb. capsulatus, the 
pucC gene product was proposed to encode a protein 
that enhances LHII assembly, and the pucD gene 
product (if one exists) appears to be dispensable. The 
pucE gene encodes a 14 kDa y protein of uncertain 
function that co-purifies with the LHII complex 
(however the LHII complex in membranes purified 
from a Rb. capsulatus pucE deletion mutant was 
relatively unstable) (Tichy et al., 1991; LeBlanc and 
Beatty, 1993; Drews and Golecki, 1995). 

Transcription of the puc operon in Rb. capsulatus 
and Rb. sphaeroides initiates from a light- and oxygen- 
regulated strong promoter upstream of the pucB 
gene (Zucconi and Beatty, 1988; Lee and Kaplan, 
1 992; LeBlanc and Beatty, 1993; Nickens and Bauer, 
1998). RNA 5 '-end mapping and pucE'-lac'Z gene 
fusion experiments on Rb. capsulatus suggested that 
a minor promoter within the pucD gene drives low- 
level synthesis of a 0.6 kb j^wcE’-encoding transcript 
(Leblanc et al., 1999). 

2. Regulation of Transcription initiation 

The reader is directed to Table 1 for a list of genes 
that are mentioned in the following text. Oxygen 
regulation of transcription of the Rb. capsulatus puc 
operon is controlled by the RegB/RegA sensor kinase/ 
response regulator proteins (Mosley et al., 1994; 
Bauer and Bird, 1996). Additionally, the crtJ gene 
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Fig. 3. Rb. capsuiatus puc operon genes and transcripts. Genes encoding LHII a and P structural proteins are represented by empty boxes. 
Transcripts are represented by horizontal lines with vertical connections to sites of initiation, and ribonucleolytic processing products are 
shown as lines, with thicknesses that indicate the relative steady-state amounts. RNA stem-loop structures are depicted. 



product appears to repress transcription under highly 
aerated conditions (Ponnampalam et ah, 1998). 
DNase I protection and gel mobility shift experiments 
indicated that CrtJ proteins bind in a cooperative 
manner to two palindromic sequences spaced 
approximately 240 bp apart in the puc promoter 
region of Rb. capsuiatus (Elsen et ah, 1998). 

Light-mediated regulation of puc operon gene 
expression in Rb. capsuiatus appears to be controlled 
in part at the level of transcription initiation (Nickens 
and Bauer, 1998). 

An additional gene in Rb. capsuiatus, named 
orf798, was identified on the basis of a transposon 
insertion and DNA sequencing. The or/798 was 
required for induction of both the puc and puf operons 
anaerobically, and this sequence lacks significant 
similarity to known genes. Supplementation of 
orf798' cultures with vitamin Bj 2 restored photo- 
complexes to the wild type level (Pollich et al., 1993; 
Pollich and Klug, 1995). It is not clear how vitamin 
Bj 2 synthesis relates to formation of the photo- 
synthetic apparatus, although a shared biosynthetic 
pathway leads to a precursor of heme, cobalamin and 
BChl (Beale, 1995). 

Transcription of the puc operon 'mRb. sphaeroides 
is controlled by the proteins PrrB and PrrA, which 
seem to function as part of a sensor kinase/response 
regulator system (Zeilstra-Ryalls et al., 1998), as do 
the homologous Rb. capsuiatus RegB/A proteins. In 
Rb. sphaeroides, the appA gene was found to encode 
a trans-?iOt\vQ factor involved in activation of puc 
gene expression. Recently, a deletion analysis and 
production of the AppA protein in E. coli indicated 
that AppA is a flavoprotein, and it was proposed that 



AppA is a redox-sensing regulator of photosynthesis 
gene expression (Gomelsky and Kaplan, 1998). The 
mgpS gene was found to be involved in activation of 
puc operon expression under anaerobic growth 
conditions mRb. sphaeroides (Zeilstra-Ryalls et al., 
1998). 

The pucBA promoter region in Rb. sphaeroides 
and Rb. capsuiatus was analyzed and several cA-and 
additional trans-?iOi\vQ factors and regulatory 
sequences were proposed (Nickens and Bauer, 1 998; 
Zeilstra-Ryalls et al., 1998). InRb. sphaeroides, cis- 
active sequences include an upstream regulatory 
region (URS) located 629 to 150 nucleotides 5' of 
the transcriptional start site, which enhances puc 
operon transcription (Lee and Kaplan, 1992). A site 
required for activation of puc operon transcription 
was found approximately 70 nucleotides 5' of the 
transcriptional initiation site, and point mutations in 
one of two regions of dyad symmetry (OR 1) reduced 
aerobic repression of transcription (Lee and Kaplan, 
1995). Sequences located about 100 nucleotides 5' 
of the transcriptional start site show similarity to the 
recognition sites for the E. coli integration host 
factor (IHF) and fumarate-nitrate regulator (FNR), 
and the IHF from E. coli was reported to bind to the 
puc promoter region (Zeilstra-Ryalls et al., 1998). 
Similarly, the Rb. capsuiatus IHF was demonstrated 
to bind to the puc promoter region in gel mobility 
shift experiments and proposed to stabilize binding 
of RegA during anaerobic activation of puc gene 
expression (Nickens and Bauer, 1998). A Rb. 
sphaeroides homologue of the E. coli FNR protein, 
FnrL, appears to be required for both photosynthetic 
and DMSO-dependent (dark) growth under anaerobic 
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conditions, and a putative FnrL site located 5 ' of the 
puc operon led to the suggestion that the FnrL protein 
activates puc gene expression in response to reduced 
oxygen levels (Zeilstra-Ryalls et al, 1998). In Rb. 
capsulatus, dark anaerobic growth was impaired by 
mutation of a fnrL homologue but photosynthetic 
growth was unaffected (Zeilstra-Ryalls et ah, 1997). 

Mutations in the oxyA (now called tspO) and oxyB 
(renamed ppsR and a homolog of the Rb. capsulatus 
crtJ gene, see above) loci were found to impair 
aerobic repression of Rb. sphaeroides puc trans- 
cription (Lee and Kaplan, 1992; Penfold and 
Pemberton, 1994). The repressive effect of PpsR on 
puc gene expression seems to be modulated by the 1 7 
kDa outer membrane TspO protein (Yeliseev et al., 

1997) . It was speculated that TspO regulates the 
movement of certain small molecules (perhaps a 
tetrapyrrole) across the outer membrane in response 
to oxygen concentration and light intensity, and that 
this activity affects PpsR repressor function (Zeilstra- 
Ryalls et al., 1 998; Oh and Kaplan, 200 1 ). Mutational 
analyses of the appA and ppsR genes led to the 
proposal that the AppA protein senses the redox state 
and activates PpsR protein repressor function under 
aerobic growth conditions (Zeilstra-Ryalls et al., 

1998) . Finally, a 26 kDa protein that binds the Rb. 
sphaeroides puc promoter region 120 nucleotides 5 ' 
of the transcriptional start site was identified in gel 
mobility shift and DNase I protection assays 
(McGlynn and Hunter, 1992). 

3. mRNA Processing 

In Rb. capsulatus two highly abundant pucBA RNA 
species of approximately 550 nt were discovered 
(Zucconi and Beatty, 1988). Lesser quantities of 0.6 
to 0.7 kb, 0.9 to 1 .0 kb, 2.4 kb and longer puc probe- 
hybridizing RNA molecules were detected, the latter 
of which is long enough to encode all of the puc 
operon genes (LeBlanc and Beatty, 1993; Nickens 
and Bauer, 1998; Leblanc et al., 1999). The pucC 
segment of the 2.4 kb pucBACDE transcripts was 
proposed to undergo endo- and exoribonucleolytic 
degradation, slowed by an RNA stem-loop structure 
located between pucA and pucC, to yield 0.55 kb 
pucBA mRNA molecules (Fig. 3). Thus, although a 
small amount of transcription attenuation at this 
putative RNA stem-loop structure was detected, the 
differential stability of puc transcript segments 
appears to be the main factor that determines PucB 
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and PucA protein levels relative to PucC (Leblanc et 
al., 1999). 

Large (2.3 and 1.3 kb), low abundance puc- 
complementary RNA molecules were detected in 
Rb. sphaeroides, as was a 0.5 kb high abundance 
pucBA molecule. The longer puc transcripts could be 
the result of weak transcription attenuation at rho- 
independent terminator-like (stem-loop) structures, 
but the genesis of these transcripts is unclear (Zeilstra- 
Ryalls et al., 1998). A very small (120 nt) RNA also 
was detected, but the significance of this molecule is 
unknown (Lee et al., 1989). 

4. Posttranslational Processes 

The concentration of oxygen was reported to affect 
the rate at which the PucB protein was incorporated 
into membranes of Rb. capsulatus cells and this 
seemed to depend on the presence of BChl 
(Hebermehl and Klug, 1998). Other experiments 
suggested the possibility of posttranslational 
regulation in response to different light intensities, 
because when puc mRNA levels were normalized to 
account for the different rRNA levels present in high 
and low light-grown cells, the levels of the LHII 
complex varied inversely with pucBA message levels 
(Zucconi and Beatty, 1988). Although the mechan- 
isms of these regulatory processes are obscure, factors 
such as the availability of BChl, the rate of 
incorporation of apoproteins into the membrane, 
assembly of LHII subunits, and oligomerization of 
subunits to form a complex could be operative 
(Section IV). Carotenoid biosynthesis seems to be 
essential for the formation of the LHII complex in 
Rhodobacter species, whereas the LHI complex is 
formed in the absence of carotenoid pigments (Feick 
et al., 1980; Lang and Hunter, 1994; Zeilstra-Ryalls 
et al., 1998). Additional posttranslational factors are 
described in Sections III and IV 

C. ‘Extra’ or Unusual LH Structural Genes or 
Complexes 

Rhodopseudomonas palustris contains several 
different forms of the LHII complex and five copies 
of pucBA genes. There is differential regulation of 
transcription of the five operons dependent upon 
light intensity, such that all five are transcribed under 
high light anaerobic growth conditions but only three 
are transcribed at a low light intensity (Tadros et al.. 
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1993). One of the pucBA gene pairs that is expressed 
only under high light was heterologously expressed 
in Rb. sphaeroides and gave rise to an LHII complex 
that transferred energy to the Rb. sphaeroides LHI 
complex, whereas one of the low-light pairs was 
produced at a low level in Rb. sphaeroides but did not 
transfer energy to LHI (Fowler and Hunter, 1996). 
Since there are differences in the predicted amino 
acid sequences of the P and a subunits of the high- 
light and low-light LHII complexes of Rps. palustris, 
the heterologous expression system ini^Z?. sphaeroides 
could be exploited to explore energy transfer between 
these LHII and LHI complexes in vivo. The ability of 
Rps. palustris to assemble a variety of different 
peripheral antenna complexes could possibly help it 
to survive under different light intensities or 
wavelengths in nature. 

The nearly complete genome sequence of Rb. 
sphaeroides (Mackenzie et al., 2001) has revealed a 
second set of pucBA genes. Although these genes do 
not appear to be expressed in wild type cells, their 
expression seems to be activated by mutation in a 
strain from which the first (normally expressed) set 
was deleted, during prolonged incubation under low 
light intensity (Tehrani and Beatty, unpublished). 

Rps. acidophila forms two different types of LHII 
complex, B800-820 and B800-850, and four variants 
of pucBA genes have been cloned and sequenced. 
Larger amounts of the B800-850 complex {a and /3 
polypeptides encoded by the puc'^BA genes, the fourth 
pucBA pair) are present under high-light growth 
conditions, and only the B800-820 complex(es) under 
low light. Since a 0.53 kb mRNA transcript encoding 
the B800-850 genes is present under both high and 
low light, a post-transcriptional control mechanism 
evidently operates to reduce expression of these 
genes under low light intensity (Gardiner et al., 
1996). Thei^p^-. acidophila apolypeptides appear to 
undergo C-terminal processing prior to or during 
assembly into the mature LHII complex, in contrast 
to other species (Gardiner et al, 1996). 

The purple sulfur bacterium Chromatium vinosum 
contains sequences immediately 3 ' of the pufC gene 
that encode a second set of LHI a and p homologs 
(Corson et al., 1999) (see Fig. 2). 

The aerobic anoxygenic phototrophic bacterium 
Ro. denitrificans contains an unusual LH complex 
absorbing at 806 nm, which is composed of two 
small polypeptides having apparent molecular masses 
of 5.0 and 7.0 kDa, in addition to a LHI/RC core 



complex. This B806 complex was proposed to be a 
LHII-like complex, based on its spectroscopic 
properties (Shimada et al., 1990; Yurkov and Beatty, 
1998). Unusual absorption spectra have been obtained 
from intact cells of or partially purified complexes 
from several aerobic anoxygenic bacterial species, 
suggesting the presence of a variety of LH complexes 
unlike those found in the ‘classical’ purple 
photosynthetic bacteria (Yurkov and Beatty, 1998). 
For example, Roseococcus thiosulfatophilus (previ- 
ously known as Erythrobacter Ochl 14) possesses a 
LHI complex that absorbs maximally at 856 nm and 
seems to contain four different polypeptides (Gall et 
al., 1995). The most striking and puzzling differences 
between aerobic phototrophic bacteria and ‘classical’ 
purple bacteria are that the former species are 
incapable of growth with light as the sole source of 
energy, and the repressive effect of light on BChl 
synthesis is so pronounced that prolonged growth of 
cells in the presence of light results in the absence of 
detectable amounts of BChl (Yurkov and Beatty, 
1998). The recent discovery in Bradyrhizobium of a 
gene that encodes a phytochrome-like protein that 
controls the formation of the photosynthetic apparatus 
may lead to an understanding of this curious pheno- 
type (Giraud et al., 2002). 



III. Assembly of LH Complexes 

A. Reconstitution of LHI Subunits and 
Complexes In Vitro 

We give a brief summary here because a recent 
review is available (Loach and Parkes-Loach, 1995). 
The LHI complex can be separated from the RC 
complex in detergent purification procedures and 
converted to a subunit form (herein referred to as 
B820, although preparations from different bacterial 
species have different absorption maxima), which 
has a blue-shifted absorption peak compared to the 
intact complex. Under appropriate conditions the 
subunit forms an oligomer spectrally identical to the 
native complex. Despite a high degree of amino acid 
sequence identity between LHI polypeptides, the Rb. 
capsulatus subunit is less stable than those of Rb. 
sphaeroides or Rsp. rubrum (Heller and Loach, 1990; 
Loach et al., 1994). Site-directed mutagenesis of the 
Rb. sphaeroides P polypeptide suggested that the 
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difference in stability results from the presence of 
Met in Rb. capsulatus instead of the +4 Tyr residue in 
Rb. sphaeroides (numbers refer to the distance from 
the His that binds the BChl cation; e.g., +4 
means four residues C-terminal from this His). In 
Rb. sphaeroides this +4 Tyr seems to provide a 
hydrogen bond to the acetyl group of the bound BChl 
(Davis et al, 1997). 

Reconstitution experiments with BChl analogues 
indicated that the binding site for BChl is specific in 
that some analogues were not tolerated and no 
subunits were observed, whereas other alterations to 
the BChl molecule yielded subunits of reduced 
stability. These experiments led to proposals for 
BChl-protein specific interactions (Parkes-Loach et 
al., 1990; Loach and Parkes-Loach, 1995; Davis et 
al., 1996) (see Chapter 2, Scheer). 

Subunit and oligomeric (e.g., B870) forms of the 
LHI complex can also be obtained in vitro by 
combining isolated a and (3 polypeptides with BChl 
in detergent solutions, followed by dialysis to reduce 
the detergent concentration (Parkes-Loach et al., 
1988). Reconstitution experiments using chemically 
synthesized a or peptides truncated or with single 
amino acid substitutions at conserved residues 
indicated that a central region of about 40 amino 
acids in each of these polypeptides contains 
information sufficient to form a B820 subunit in 
vitro. However, the B820 subunit has not been 
observed in vivo, and truncations and amino acid 
substitutions of LHI polypeptides produced in vivo 
resulted in reduced levels of complexes (see below). 
It seems that, although reconstitution experiments 
reveal fundamental protein-protein and protein- 
pigment interactions that are sufficient to form the 
LHI complex in vitro, efficient assembly of complexes 
in vivo requires structural information and other 
factors that are not essential for in vitro reconstitution. 

To our knowledge, reconstitution of the LHII 
complex starting from purified subunit polypeptides 
and pigments has not been accomplished. However, 
it is possible to remove the B800 BChl molecule 
reversibly from the Rb. sphaeroides LHII complex, 
by using the detergent Triton BG-10 under acidic 
conditions. BChl a or analogues were added to this 
B850 preparation, and the resultant bound ‘B800’ 
pigment transferred energy to the B850 molecules, 
as indicated by fluorescence excitation (Bandilla et 
al., 1998). 
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B. Effects of Mutations on In Vivo Assembly of 
LHI 

On the basis of site-directed mutations in Rb. 
capsulatus, a consensus sequence for the binding 
site of BChl in the LHI a protein was proposed to be 
Ala-X-X-X-His (Bylina et al., 1988). Replacement 
of His a32 (in these and following experiments, the 
residue numbers refer to the distance from the N 
terminus) by Thr, Asn, Gin, Pro, Asp or Arg resulted 
in the absence of the LHI complex as indicated by 
absorption spectroscopy, as did changing Ala a28 to 
Asp, Glu, Phe or His. In contrast, the LHI complex 
was formed when Ala a28 was substituted by Gly, 
Ser, Cys, or Val. These studies suggested that the His 
a32 of the Rb. capsulatus LHI a polypeptide acts as 
a ligand to the Mg^^ ion of BChl, and that Ala a28 is 
in van der Waals contact with the BChl (Bylina et al., 
1988). Most (but not all) LH proteins contain the 
sequence Ala/Gly-X-X-X-His, in which His is 
believed to be a critical BChl ligand (Zuber and 
Cogdell, 1995). 

Site-directed mutagenesis of other Rb. capsulatus 
LHI residues resulted in several effects, depending 
on the position and nature of the amino acid 
substitution. Amongst the effects reported were 
increases or decreases in the amounts of LHI 
carotenoid and BChl pigments, as well as the complete 
loss of the LHI and RC complexes. In general, the 
data implicated several (especially N-terminal) 
residues in LHI assembly or stability, and indicated 
that loss of the LHI complex may affect the structure 
of the RC (Babst et al, 1991). Other experiments, 
employing ^^S-methionine pulse-labeling of mutant 
LHI proteins followed by SDS-PAGE and auto- 
radiography, yielded additional information regarding 
the a sequences that are required for assembly of the 
LHI complex (Richter etal., 1991). In particular, Trp 
a 8 was proposed to play a role in insertion of the a 
polypeptide into the membrane, whereas mutation of 
Pro al3 interfered with stable insertion of the 
P polypeptide into the membrane. On the basis of the 
effects of changes of charged amino acids in the N- 
terminal segments of the LHI proteins, a model was 
proposed in which electrostatic interaction between 
negatively charged N-terminal P polypeptide and 
positively charged N-terminal a polypeptide residues 
is a prerequisite for assembly of the LHI complex 
(Tadros etal., 1984;Tadros etal., 1985; Stiehle etal., 
1990; Richter et al., 1992; Drews, 1996). Although 
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the /3 polypeptide became associated with the 
membrane in the absence of the a polypeptide with 
the same kinetics as when the a protein was present, 
the jS subunit appeared to be degraded rapidly when 
the a protein was absent. In contrast, only trace 
quantities of the a protein were detected in the 
membrane in the absence of the /? protein (Richter et 
al, 1991). 

Site-directed mutations of the Rh. sphaeroides 
LHI His a32 and His jS31 residues resulted in the 
failure of LHI complex formation as indicated by 
absorption spectroscopy. On the basis of changes 
made to these His residues (His a— > Asn, Leu or Tyr; 
His P — > Asn, Gin, Leu or Tyr), it was concluded that 
the only change compatible with formation of a LHI 
complex was His P Asn. It was suggested that the 
absence of complex formation when Asn or Gin 
replaced His a was due to greater structural 
constraints placed upon the a polypeptide and the 
BChls that form the inner ring of the LHI holocomplex 
(Olsen et al., 1997). These observations support the 
view that, as had been suggested for the Rb. capsulatus 
LHI complex, the His residues a32 and jS31 act as 
ligands to BChls (Olsen et al., 1997). Raman 
spectroscopic studies of mutants with amino acid 
substitutions at LHITrp a 43 andTrp /347 suggested 
that these residues form hydrogen bonds with the 
acetyl group of the corresponding BChl (Sturgis et 
al., 1997). 

C. Effects of Mutations on Assembly of LHI I In 
Vivo 

Site-directed mutagenesis studies on Rb. sphaeroides 
LHII a and P polypeptides indicated that the LHII 
complex did not form when His a20 or His /321 was 
substituted with Asn, suggesting that these His 
residues are ligands to the B850 BChl Mg^^ (Olsen et 
al., 1997). Probing of the B800 binding site by 
changing Arg P3 1 to His, Asn, Leu, Lys, or Glu 
generally resulted in blue-shifting of the 800 nm 
absorption peak, and thus, a reduction in spectral 
overlap with B850. The reduced spectral overlap was 
proposed to be partially responsible for a slower rate 
of energy transfer from B800 to B850 in these mutant 
complexes (Fowler et al., 1997). This study was 
followed by a Raman spectroscopic analysis of these 
mutant complexes, which indicated that Arg j831 
hydrogen bonds to the acetyl moiety of the B800 
molecule (Gall et al., 1 997). Interestingly, elimination 



of the B800 BChl binding site in N-terminal 
truncations of the LHII a polypeptide resulted in a 
‘B850-only’ LHII complex (Koolhaas et al, 1998). 

D. LH Complex Assembly Factors 

1. The LhaA and PucC Proteins 

In Rb. capsulatus, the LhaA and PucC proteins are 
required to obtain normal levels of the LHI and LHII 
complexes, respectively (Tichy et al., 1989; Bauer et 
al., 1991; LeBlanc and Beatty, 1993; Young et al., 
1998). The deduced amino acid sequence of the 
PucC protein is 462 amino acids in length and that of 
the LhaA protein is 477 amino acids, and these 
sequences exhibit 47% identity in an alignment 
(Bauer et al., 1991; Young and Beatty, 1999). LhaA 
and PucC were found to be integral membrane 
proteins consisting of twelve transmembrane 
segments, with N- and C-termini located in the 
cytoplasm (LeBlanc and Beatty, 1996; Young and 
Beatty, 1998). 

The pucC gene of Rb. capsulatus is transcribed as 
part of the pucBACDE operon (see Fig. 3) and 
mutations in pucC resulted in the complete loss of 
the LHII complex from Rb. capsulatus cells (Tichy 
et al., 1989; LeBlanc and Beatty, 1993). An 
investigation into whether trans expression of the 
pucC gene in a IhaA/pucBACDE double deletion 
mutant increased the level of the LHI complex yielded 
negative results. However, when a puc operon deletion 
strain containing a pucBAECDE (pucC deletion) 
expression plasmid was supplemented with other 
plasmids expressing short pucC : \pho 'A fusions, there 
were reduced amounts of LHI (LeBlanc, 1995). 

The deduced PucC polypeptide from Rps. acido- 
phila has 469 amino acids with 58% sequence identity 
to the Rb. capsulatus protein. Overexpression of the 
Rps. acidophila pucC gene from a plasmid in a wild 
type background increased the levels of LHI and 
LHII complexes in semiaerobically grown cells 
(Barrett and Cogdell, 1998). 

The IhaA gene (previously known as FI 696 or 
orfl 696) was first detected by DNA sequencing of 
the Rb. capsulatus photosynthesis gene cluster 
(Youvan et al., 1 984). RNA blot and lacZ gene fusion 
analyses demonstrated that IhaA is part of the 
bchFNBHLM-lhaA-puhA superoperon, and that its 
expression is regulated by oxygen due to transcription 
initiated at the bchF promoter. A second oxygen- 
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regulated promoter (?puhA) located within the coding 
sequence of IhaA contributes to transcription of the 
puhA gene (Bauer et ah, 1991). Transposon and 
interposon mutagenesis of IhaA resulted in reductions 
of the levels of LHI and RC complexes, indicating 
that IhaA plays a role in maintaining steady state 
levels of these complexes in Rb. capsulatus cells 
(Zsebo and Hearst, 1984; Bauer et ah, 1991). The 
LhaA protein was proposed to function as an assembly 
factor for the LHI complex on the basis of kinetic 
studies of the formation and decay of LHI (Young et 
al., 1998). Possible functions of the LhaA protein 
include membrane insertion of the LHI a and jS 
polypeptides, BChl delivery to these apoproteins to 
form subunits, and oligomerization of subunits to 
form the holocomplex (Young et al., 1998; Young 
and Beatty, 1999). However, the exact role of LhaA 
in LHI assembly is unknown. 

Homologues of IhaA have been discovered in Rb. 
sphaeroides, Rps. viridis, Ru. gelatinosus and Rsp. 
rubrum (Donohue etal., 1986; Wiessner, 1990;Berard 
andGingras, 1991; Igarishi etal., 1998). In each case 
the IhaA gene is located immediately 5 ' of the puhA 
gene, as in Rb. capsulatus, but no information on the 
function or expression of IhaA in these bacteria has 
been published. 

The cyanobacterium Synechocystis sp. PCC6803 
(Kaneko et al., 1996) and the prochlorophyte 
Prochlorococcus marinus (personal communication, 
W. Hess) contain orfs encoding LhaA/PucC 
homologues with 24% to 25% amino acid sequence 
identity and similar hydropathy profiles (Young and 
Beatty, 1999). Cyanobacteria and prochlorophytes 
do not contain LH complexes similar to those of 
purple bacteria, yet the presence of IhaA homologues 
in these organisms could provide clues about the 
activity of this class of proteins. There are great 
differences in the amino acid sequences of purple 
bacterial and cyanobacterial or prochlorophyte LH 
proteins (La Roche et al., 1996; Chapter 4, Green; 
Chapter 5, Robert et al.). In contrast, the chlorophyll 
a (Chi a) and BChl a molecules differ only in that 
Chi a has a vinyl group on pyrrole ring I whereas 
BChl a has an acetyl group at this position, and 
pyrrole ring II of Chi a is unsaturated while the same 
ring of BChl a is saturated (Lawlor, 1993; Chapter 2, 
Scheer). Thus, the amino acid sequence conservation 
in LhaA/PucC-like proteins could reflect a function 
in common of BChl (Chi) binding and translocation 
for LH complex assembly in these otherwise diverse 
photosynthetic organisms. This speculation led to 
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the proposed inclusion of the LhaA and PucC proteins 
in a subset of the ‘major facilitator superfamily’ of 
membrane permeases called the BChl delivery family 
(BCD) (Saier et al., 1999). 

2. DnaK and GroEL 

The DnaK (Hsp 70) and GroEL (Hsp 60) proteins are 
chaperonins that catalyze the proper folding and 
assembly of nascent polypeptides into their functional, 
three-dimensional conformations in the cytoplasm 
of diverse organisms (Ellis and van der Vies, 1991). 
The DnaK and GroEL proteins of Rb. capsulatus 
were partially purified, and a cell-free transcription- 
translation system was used to evaluate their 
involvement in the synthesis and membrane insertion 
of the LHI a and /? polypeptides (Meryandini and 
Drews, 1996). The addition of a DnaK-enriched 
fraction enhanced translation of both of the LHI 
polypeptides, whereas GroEL appeared to be required 
for stable insertion of the a and /3 proteins into 
membranes added to this in vitro translation system. 
A model was proposed in which DnaK and GroEL 
comprise part of a Rb. capsulatus chaperonin- 
mediated pathway, which delivers LHI polypeptides 
to the membrane for insertion by a hypothetical 
membrane-bound import protein(s) (Langer et al., 
1992; Drews, 1996; Meryandini and Drews, 1996). 

IV. Other genes and proteins relevant to LH 
complex assembly or structure 

A. The PufX Protein 

Spectroscopic analyses of Rb. capsulatus and Rb. 
sphaeroides puJX (Fig. 2) deletion strains indicated 
that the PufX protein is required for efficient exchange 
of ubiquinone/ubiquinol molecules between the Qg 
site of the RC and the cytochrome bc^ complex 
(Lilburn et al., 1992; Barz and Oesterhelt, 1994). It 
was postulated that the PufX protein associates with 
the LHI complex to create a gap in the LHI ‘ring’ 
which would allow exchange of ubiquinone and 
ubiquinol at the RC Qg site (Barz et al., 1995; 
Lilburn et al, 1995; Lilburn et al., 1999). 

In vitro reconstitution experiments using purified 
PufX proteins fromi?/?. capsulatus oxRb. sphaeroides 
and LHI a and /3 polypeptides suggested that PufX 
inhibits LHI subunit formation and oligomerization, 
and that PufX has an affinity for the a polypeptide 
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(Recchia et al, 1998; Parkes-Loach et al., 2001). In 
other experiments, the Rb. sphaeroides PufX protein 
appeared to bind more stably to the LHI/RC core 
complex than to the LHI or RC complexes alone, as 
determined by detergent solubilization of complexes 
from mutants followed by separation of these 
complexes by sucrose density gradient centrifugation 
(Pugh et al., 1998). These results confirmed that the 
PufX protein is part of the LHI/RC core complex, 
and proteolytic digestion of PufX in membrane 
vesicles indicated that it is an integral membrane 
protein with its N-terminus facing the cytoplasm, the 
same topological arrangement as of the LHI a and 
polypeptides (Drews, 1996; Pugh et al, 1998). 
Experiments on purified core complexes from Rb. 
sphaeroides PufX^ and PufX" strains suggested that 
the PufX protein is required for the formation of 
dimeric LHI/RC core complexes and that there is 
one PufX molecule per RC complex (Francia et al., 
1999). This is consistent with the notion that the 
PufX protein induces formation of C-shaped LHI 
structures around the RC (Francia et al., 1 999; Jungas 
etal., 1999). 

Linear dichroism spectra of membranes from PufX^ 
and PufX" (both in an LHII" background) Rb. 
sphaeroides cells were interpreted as showing a PufX- 
dependent, inter-complex organization of LHI/RC 
core compleses (Frese et al., 2000). These results are 
consistent with the quasi-crystalline arrays of core 
complexes in membranes from LHII" cells that were 
evaluated by electron microscopy (Jungas et al., 
1 999), and additionally indicate that the PufX protein 
is requried to obtain a higher order of organization of 
the RC and intimately associate LHI complexes in 
vivo, at least in the absence of the LHII complex. 

B. The PufQ Protein 

The pufQ gene (Fig. 2) is present in Rb. capsulatus, 
Rb. sphaeroides and Rv. sulfidophilum. Expression 
of the Rb. capsulatus pufQ gene is required for LH 
complex formation, presumably because the PufQ 
protein enhances the synthesis of BChl (or 
intermediates in bch mutant cells) (Bauer and Marrs, 
1988; Forrest et al., 1989; Masuda et al., 1999). It 
was suggested that the PufQ protein carries BChl 
intermediates at all steps of the BChl biosynthetic 
pathway (Bauer and Marrs, 1988). The R/?. capsulatus 
PufQ protein is 74 amino acids in length, hydrophobic, 
and associates with membranes (Fidai et al., 1993, 
1994a). In support of the idea that PufQ is involved 



in BChl synthesis, a purified recombinant PufQ 
protein appeared to bind the BChl precursor 
protochlorophyllide in liposomes composed of 
soybean phospholipid (Fidai et al., 1994). Further- 
more, /raw5'-complementation of a puf deletion strain 
of Rb. capsulatus with the pufQ gene on a plasmid 
increased levels of the BChl precursor uropor- 
phyrinogen III 2-fold compared to a strain lacking 
pufQ gene expression (Fidai et al., 1995). Thus these 
data indicate that the PufQ protein is involved in 
BChl biosynthesis at the posttranslational level. 
However, mutations in the pufQ gene of Rb. 
sphaeroides led to changes in the levels of both the 
LHI and LHII complexes (Gong et al., 1994) and it 
was proposed that the PufQ protein, in association 
with BChl, assists the assembly of LH complexes 
(Zeilstra-Ryalls et al., 1998). 

C. 7/7eorf214 and orf 162b Genes 

The genes orf214 and orfl62b are located immedi- 
ately y of the puhA gene on the Rb. capsulatus 
chromosome, and puhA is located 3 ' of several bch 
genes and IhaA (Haselkom et al., 2001). All of these 
genes appear to be co-transcribed (Bauer et al., 1 99 1 ; 
Wong et al., 1 996; Aklujkar et al. 2000). Homologues 
of orfs 214 md 162b exist 3 ' of the puhA gene in Rsp. 
rubrum, Rb. sphaeroides, Rps. palustris and Ru. 
gelatinosus (Berard and Gingras, 1991; Igarishi et 
al., 1998; Aklujkar et al. 2000). 

The Rb. capsulatus deduced ORF214 protein 
consists of 2 14 amino acids and hydropathy analyses 
indicate an integral membrane location. A trans- 
lationally in-frame deletion of orf214 resulted in 
reduced levels of both RC and LHI, and this phenotype 
was complemented in trans by expressing the orf214 
gene from a plasmid (Wong et al., 1 996). It is possible 
that the ORF2 14 protein enhances RC assembly, and 
that in the absence of ORF214 a reduction in the 
amount of the RC results in a decrease in LHI. It was 
found that deletions of RC genes in Rb. capsulatus 
mdRb. sphaeroides resulted in significant decreases 
in the levels of LHI, and that deletions of the LHI 
genes in Rb. capsulatus reduced the amounts of the 
RC (Klug and Cohen, 1988; A. Tehrani and J. T. 
Beatty, unpublished). 

The Rb. capsulatus ORF162b protein consists of 
162 amino acids, as deduced from the nucleotide 
sequence of the gene, and hydropathy analysis 
predicts a single transmembrane segment near the N- 
terminus. Mutation of the orfl 62b gene reduced LHI 
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and RC complex levels, and impaired photosynthetic 
growth (Aklujkar et al. 2000). Thus, like the ORF2 14 
protein, ORF162b appears to play a role in 
maintaining levels of the LHI and RC complexes. 
Because interactions between these two complexes 
appear to be required for mutual stabilization or 
assembly, it is difficult to ascribe a specific function 
of ORF2 1 4 or ORF 1 62b with regard to either LHI or 
RC complexes. 

D. pucD and pucE Genes 

The pucD and pucE genes are located within the Rb. 
capsulatus puc operon (Fig. 3). Mutations of pucD 
did not affect the levels of photocomplexes or the 
rate of photosynthetic growth of Rb. capsulatus cells 
(Tichy et al., 1989; LeBlanc and Beatty, 1993). A 
small amount of transcription initiated from a minor 
promoter embedded within the pucD gene sequence 
contributes to expression of pucE (Leblanc et al., 
1999). However the function of a PucD protein, if it 
exists, is unknown and a pucD homologue has not 
been found in other species. 

The pucE gene encodes a 14 kDa protein, known 
as the Y subunit, which co-purifies with the LHII 
complex of Rb. capsulatus (Tichy et al., 1989). 
Mutation of the pucE gene resulted in decreased 
levels of the LHII complex and slower rates of 
photosynthetic growth of Rb. capsulatus at low light 
intensities. The PucE protein may affect the binding 
site for the B800 BChl molecule, since greater 
decreases in the LHII 800 nm peak compared to the 
850 nm peak were observed in pucE deletion mutants 
(LeBlanc and Beatty, 1993). Although it seems that 
in Rb. capsulatus the PucE protein interacts with the 
LHII complex in some way, its exact function is 
obscure, especially since a pucE gene has not been 
described in other species. 

E orf428 

The orf428 is thought to be part of the bchEJG- 
orf428-bchP-orfl 76 operon located within the 
photosynthesis gene cluster of capsulatus (Beatty, 

1995). The putative ORF428 protein has 24% amino 
acid sequence identity with LhaA and PucC. However, 
disruption of the chromosomal copy of orf428 did 
not directly result in a reduction of a photosynthetic 
complex (Bollivar et al., 1994), and disruption of the 
orf428 in a IhaA/pucC double mutant background 
did not clearly suggest a role for orf428 in LH 
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complex assembly (Young, 1997). Thus, it seems 
that orf428 plays no major role in LH complex 
assembly or stabilization, and if a protein is produced 
from orf428 its function is dispensable. 

F. The Q Protein 

The Q protein was reported to be a hydrophobic 4 
kDa polypeptide that co-purifies with the LHI 
complex of Rsp. rubrum, and to be present at a 0.1 
stoichiometry relative to the a and P polypeptides. 
The Q protein appeared to be phosphorylated (as 
were the LHI a and jS proteins) and this modification 
was suggested to play a role in regulating energy 
transfer between LHI complexes (Ghosh et al., 1 994). 
It was speculated that the Q protein may influence 
the structure of the LHI/RC core complex (Stahlberg 
et al., 1998b), although the amino acid sequence and 
function of this polypeptide are unknown. 



V. Concluding Remarks and Future 
Prospects 

This is an exciting time for those of us interested in 
the regulation of LH complexes in purple photo- 
synthetic bacteria. The observation of dimeric (C- 
shaped) LHI/RC core complexes in an LHIL mutant 
strain of Rb. sphaeroides begs for efforts to determine 
if this structural organization is present in purple 
bacteria that naturally lack the LHII complex. A 
modification of the LH ring paradigm may be required 
to include the possibility of incompletely circularized, 
but oligomerized LH complexes in vivo. A high- 
resolution crystal structure of a LHI/RC core complex 
would help to elucidate the specific interactions 
between RC and LHI complexes, and perhaps would 
indicate if putative components such as the PufX 
protein, the Q protein and the cytochrome bc^ com- 
plex contribute to structure, function and assembly. 

The regulation of expression of LH genes is 
extraordinarily complicated and a variety of 
transcriptional, translational and posttranslational 
processes exist, apparently to fine-tune the amounts 
of LH complexes to allow cells to grow optimally at 
varying oxygen concentrations and light intensities. 
Although much has been learned about the control of 
puf and puc operon transcription initiation, an 
outstanding question is the nature of the signal(s) 
sensed during oxygen and light modulation of gene 
transcription. Oxygen- or light-driven oxidation/ 
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reduction reactions could be operative (Bauer, 1995; 
Zeilstra-Ryalls et al., 1998; Oh and Kaplan, 2001), 
and it was suggested that BChl biosynthetic enzyme 
activities could be required for light sensing (Rodig 
et al, 1999). 

The posttranscriptional and posttranslational 
regulation of LH complex assembly in vivo is 
mediated by an intricate machinery, which includes 
proteins that function to synthesize and assemble the 
pigments and polypeptides that comprise these 
complexes. We look forward to the elucidation of all 
the factors and processes involved in LH gene 
transcription and pigment-protein assembly into 
complexes. Such an understanding of how the 
regulation of LH complex levels and properties relates 
to optimal photosynthetic metabolism in response to 
a changing environment is of fundamental interest, 
and could be exploited in applications of the biological 
capture of light energy. The genome sequences of 
Rb. capsulatus (Haselkorn et al., 2001), Rb. 
sphaeroides (Mackenzie et al., 2001) and Rps. 
palustris (http://genome.oml.gov/microbial/rpal/) are 
a valuable resource for the design and interpretation 
of experiments to achieve such an understanding. 
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Summary 

Photosynthetic activity and the composition of the photosynthetic apparatus are strongly regulated by 
environmental conditions. Some of the most visually dramatic changes in pigmentation of cyanobacteria during 
changing nutrient and light conditions reflect marked alterations in components of the major light-harvesting 
complex in these organisms, the phycobilisome. In some cyanobacteria the composition of the phycobilisome 
is very sensitive to the wavelengths of light in the environment. The populations of the different pigmented 
polypeptides or phycobiliproteins, phycocyanin and phycoerythin, of the phycobilisome are adjusted to 
optimize absorption of excitation energy present in the environment. This process, called complementary 
chromatic adaptation, is controlled by a photoreceptor that binds a bilin chromophore and has some similarity 
to phytochrome of vascular plants. This photoreceptor is thought to represent the first element of a phosphorelay 
system that regulates genes encoding the phycobiliprotein subunits and linker polypeptides. Phycobilisomes 
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are also sensitive to nutrient levels and during starvation conditions there is both reduced synthesis and elevated 
breakdown of phycobilisomes. The degradation of phycobilisomes during nutrient-limited growth results in 
cells that lose their brilliant blue-green color and appear yellow green or bleached. This bleaching response is 
controlled by a ‘global’ regulatory system that may sense the redox state of the cell, the generation of reactive 
oxygen species and the quality of light in the environment. Some of the regulatory elements critical for 
controlling nutrient stress responses are also involved in modulating photosynthetic activity when cyanobacteria 
experience high light conditions. The analyses of these systems highlight the molecular flexibility incorporated 
into the biosynthetic processes required for construction and maintenance of a light harvesting complex and the 
nature of the key control elements that interface with environmental cues. At a more basic level, these studies 
suggest the robustly dynamic nature of the entire photosynthetic apparatus. 



I. Introduction 

The colors of plants and algae reflect the pigment- 
protein complexes that enable these organisms to 
gather and utilize light energy. Abundant pigment- 
protein complexes function as light harvesting 
complexes (LHC) that gather light energy and funnel 
that energy into the photosynthetic reaction centers. 
Several different LHC types have evolved with 
specific chromophores and spectral characteristics 
(Grossman et al., 1 995); most LHC diversity is found 
amongst members of the different algal groups. LHC 
types include the chlorophyll a, b binding proteins of 
vascular plants and green algae (Jansson, 1994; Green 
and Durnford, 1996; Durnford et al., 1999), the 
chlorophyll a, b binding proteins of the prochloro- 
phytes (LaRoche et al., 1996; van der Staay et al., 
1998), the fucoxanthin chlorophyll a, c proteins of 
the diatoms and brown algae (Hiller et al., 1991), the 
peridinin chlorophyll a proteins of dinoflagellates 
(Hofmann et al., 1 996) and the phycobilisomes (PBS) 
of red algae and cyanobacteria (Glazer, 1985; Tandeau 
de Marsac and Houmard, 1993; Grossman et al., 
1995). 



Abbreviations: AP - allophycocyanin; a PC - the alpha subunit 
of phycocyanin; /3 PC - the beta subunit of phyeoeyanin; CCA - 
complementary chromatic adaptation; DBMIB - 2,5-bromo-3- 
methyl-6-isopropyl-p-benzoquinone; DCMU - 3-(3,4- 
dichlorophenyl)-l,l-dimethylurea; GL - green light; FAD - 
flavin adenine dinucleotide; FMN- flavin mononucleotide; GUS - 
/3-glucuronidase; L - linker polypeptides; LHC - light harvesting 
complex; PAS - from the PER, ARNT and SIM proteins, in 
which the domain was first identified; it is often involved in 
sensing light, redox potential, oxygen and overall energy 
metabolism in cells; PBS - phycobilisomes; PC - phycocyanin; 
PC^ - constitutively expressed PC subunits; PCj - red light 
inducible PC subunits; PC^ - PC subunits expressed during sulfur 
limited growth; PE - phycoerythrin; PEC - phycoerythrocyanin; 

- the primary quinone acceptor of Photosystem II; RL - red 
light 



II. Phycobilisome Structure 

PBS are macromolecular complexes present in 
cyanobacteria and red algae that may constitute 40% 
of total cellular protein. These peripheral membrane 
complexes are attached to the outer surface of the 
thylakoids where they absorb photons and efficiently 
transfer excitation energy to the photosynthetic 
reaction centers (Porter et al., 1978; Searle et al., 
1978). 

The PBS is organized into two structural domains, 
the core and the rods (Fig. 1), each containing both 
pigmented and nonpigmented polypeptides. All 
cyanobacterial and red algal PBS have the chromo- 
proteins (phycobiliproteins) allophycocyanin (AP) 
and phycocyanin (PC), while many also contain 
phycoerythrin (PE) or phycoerythrocyanin (PEC). 
In a number of cases the phycobiliprotein composition 
of the PBS is altered by light quality (see below). 
Characteristic phycobiliprotein colors are a conse- 
quence of light absorption by linear tetrapyrrole 
chromophores that are associated with the apoproteins 
through thioether linkages (Glazer, 1982, 1985). 
Specific lyases catalyze the attachment of the 
chromophore to the apoprotein (Fairchild et al., 1 992; 
Fairchild and Glazer, 1994). The phycobiliproteins 
associate as heterodimers (termed a monomer in the 
literature) composed of a and (3 subunits, that 
aggregate into trimers (ap)^ and hexamers 
Nonchromophorylated linker polypeptides (L) 
facilitate assembly of phycobiliprotein aggregates, 
stabilize the structure (Glazer, 1982, 1985), and 
modulate the absorption characteristics of the 
phycobiliproteins to promote unidirectional flow of 
excitation energy into the photosynthetic reaction 
centers. 

The PBS core is composed of AP trimers and both 
pigmented and nonpigmented L polypeptides 
(Table 1). A high molecular mass core polypeptide. 
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I IL_- I I II I 

Rod Core Core Rod 

Fig. 1. Architecture of the PBS of the filamentous cyanobacterium 
Fremyella diplosiphon in red light (RL) and green light (GL). 
The lower portion of the PBS core (AP, white circles) is associated 
with thylakoid membranes and the rods contain PC (light gray) 
and/or PE (dark gray). Non-chromophorylated linker polypeptides 
(blackened areas) serve as scaffolds in the overall structure. 

(also called anchor protein), has homology to 
both phycobiliproteins and L polypeptides (Capuano 
et al, 1 99 1 ). The phycobiliprotein-like domain binds 
a tetrapyrrole chromophore and can serve as a PBS 
terminal energy acceptor, facilitating excitation 
energy transfer to photosynthetic reaction centers. 
The ApcD and ApcF proteins of the phycobilisome 
core are also critical for transfer of excitation energy 
to reaction centers (Ashby and Mullineaux, 1999). 
Generally, six rods, each composed of stacks of PC 
and PE hexamers, radiate from the core and give the 
PBS a fan-like appearance. A more detailed 
description of PBS structure can be found in a number 
of reviews (Gantt, 1981; Glazer et al., 1983; Glazer, 
1985; Sidler, 1994) and is included in Chapter 9 of 
this volume. 



III. Complementary Chromatic Adaptation 

PBS biosynthesis and degradation are dynamic 
processes that are finely tuned to environmental 
conditions. Nutrient levels (Yamanaka and Glazer, 
1980; Collier and Grossman, 1992, 1994), light 
quality and light quantity can all dramatically alter 
the level and composition of the PBS (Bogorad, 
1975; Tandeau de Marsac, 1983; Grossman, 1990; 
Grossman et al., 1993; Tandeau de Marsac and 
Houmard, 1 993). The phenomenon in which the PBS 
composition changes in response to specific 
wavelengths of light is linked at both functional and 
evolutionary levels to photoperception in vascular 
plants. 

A. History 

Reports that some cyanobacteria have different 



pigmentation depending on the wavelengths of light 
in the environment appeared as early as the 1880s 
(Engelmann, 1883a; 1883b; 1884). The control of 
pigmentation in cyanobacteria by light was termed 
complementary chromatic adaptation (CCA) 
(Gaidukov, 1903). Following the initial observation 
of CCA, 90 years passed before Bennett and Bogorad 
(1971, 1973) demonstrated that the phenomenon of 
CCA was a consequence of changes in the PBS 
pigment-protein composition. Action spectra of CCA 
for the filamentous cyanobacteria E diplosiphon 
(similar to Calothrix PCC 7601) (Haury and Bogorad, 
1977; Vogelmann and Scheibe, 1978) and Tolypothrix 
tenuis (Diakoff and Scheibe, 1973) were also 
measured. The development of molecular tools in 
the 1970s created new opportunities for elucidating 
the regulation of PBS biosynthesis. By the latter part 
of the 1980s, most genes encoding PBS structural 
polypeptides were cloned, sequenced and their 
expression characterized (Tandeau de Marsac and 
Houmard, 1993; Grossman etal., 1994). Furthermore, 
the isolation and analysis of numerous mutants in 
CCA (Cobley and Miranda, 1983; Tandeau de Marsac, 
1983; Bruns et al., 1989; Chiang et al., 1992) 
promoted the identification of regulatory elements 
critical for its control. 

B. Organization and Expression of Genes 
Encoding PBS Components 

In E diplosiphon the PE:PC ratios reflect the spectral 
distribution of light in the environment (Tandeau de 
Marsac, 1977; Bryant, 1981; Bryant and Cohen- 
Bazire, 1981). SpQcifiC 2 i\\y,RL-gYOwn E diplosiphon 
contains almost no PE and each of the PBS rods has 
as many as three PC hexamers (associated with 
specific L polypeptides) (see Fig. 1). If the organism 
is moved to GL, new PBS are synthesized that contain 
rods with single PC hexamers (core proximal 
hexamer) and up to three PE hexamers (and their 
specific L polypeptides). As the cells grow and 
replicate, the blue-pigmented PBS of RL-grown cells 
are gradually diluted and the cells appear more and 
more red in color. This process is reversible and if the 
cells are moved back into RL they will once again 
synthesize PC and stop producing PE. Since PC 
absorbs light in the red (abs = 620nm) and PE in 
the green (abs = 560nm), these light-responsive 
changes in PBS composition facilitate the efficient 
harvesting of the prevalent wavelengths of light in 
the environment. 






474 



Arthur R. Grossman, Lorraine G. van Waasbergen and David Kehoe 



Table 1. Phycobilisome Structural, Biosynthetic and Regulatory Polypeptides' 



Expression^ 




Gene 


RL 


GL 


Reference 


I. Phycobilisome Core 










APC (ap)^^ 


apcAB 


++ 


++ 


Houmard et al. (1988a) 


Core Linker (Lj-^) 


apcC 


++ 


++ 


Houmard et al. (1988a) 


Core Membrane Linker (Lj7j^ ) 


apcE 


++ 


++ 


Houmard et al. (1988a); Houmard et al. (1990) 


Specialized APC subunits 










^APB 

^AP2 


apcD 


++ 


++ 


Houmard et al. (1988b) 


^AP18 


apcF 


++ 


++ 




II. Phycobilisome Rods 

Constitutive PC 


cpcBlAl 


++ 


++ 


Conley et al. (1985); Mazel et al. (1988) 


Red Light-Inducible PC 


cpcB2A2 


++ 


- 


Conley et al. (1985) 


Sulfur-Stress Inducible PC 


cpcB3A3 


- 


- 


Mazel et al. (1988) 


Green Light-Inducible PE 


cpcBA 


- 


++ 


Mazel et al. (1986) 


Rod-Core Linker 
Rod Linker 


cpcG 


++ 


++ 




T 30.5 


cpcH 


++ 


- 


Lomax et al. (1987) 




cpci 


++ 


- 


Lomax et al. (1987) 


T 9.7 


cpcD 


++ 


- 


Lomax et al. (1987) 


T 31.8 
^R 


cpeC 


- 


++ 


Federspiel and Grossman (1990) 


T 27.9 
^R 


cpcD 


- 


++ 


Federspiel and Grossman (1990) 


T 27.6 
^R 


cpcE 


- 


++ 


Federspiel and Scott (1992) 


III. Proteins involved in biosynthesis 










CpcEF 


cpcEF 


+ 


+ 


Mazel et al. (1988) Tandeau de Marsac et al. (1988) 


CpeYZ 


cpcYZ 






Tandeau de Marsac et al. (1988) 


NblA^ 


nblA 






Collier and Grossman (1994) 


NblB^ 


nblB 






Dolganov and Grossman (1999) 


IV. Proteins involved in regulation^ 










RcaA (protein not isolated) 


rcaA 






Sobczyk et al. (1993) 


RcaB (PEPB) (protein not isolated) 


rcaB 






Sobczyk et al. (1993) 


RcaC (complex response regulator) 


rcaC 






Chiang et al. (1992) 


RcaD (protein not isolated) 


rcaD 






Sobczyk et al. (1994) 


RcaE (phytochrome-like photoreceptor) 


rcaE 






Kehoe and Grossman (1996) 


Reap (response regulator) 


rcaF 






Kehoe and Grossman ( 1 997) 


RpbA (putative cpcBlAl repressor) 


rpbA 






Kahn and Schaefer (1997) 


NblR (response regulator) 


nblR 






Schwarz and Grossman (1998) 


NblS (sensor histidine kinase) 


nblS 






van Waasbergen et al. (2002) 


CpeR (putative ser/thr phosphatase) 


cpcR 






Seib and Kehoe (2002) 



’ Most of the proteins and genes listed in this table are from Fremyella diplosiphon or Calothrix PCC 7601. Homologous proteins are 
present in other cyanobacteria. Where no reference is given, there is no report of the isolation and characterization of the gene in either 
F. diplosipon or Calothrix PCC 7601. 

^ High expression is indicated as ++ while very low or no expression as -. If the column under RL or GL is not filled in then expression 
was not tested in red and green light. 

^ The nblA gene is expressed primarily during nutrient stress conditons in Synechococcus PCC 7942 (Collier and Grossman, 1994). 
"^The nblB gene is constitutively expressed in Synechococcus PCC 7942 (Dolganov and Grossman, 1999). 

^ Some of the genes in this category (rcaA, rcaB, rcaD) have not been isolated but instead have been studied biochemically. 



The cloning and characterization of a number of 
genes encoding structural components of the PBS 
provided the foundation necessary for elucidating 
regulatory events that control CCA (summarized in 
Grossman et ah, 1995; Grossman and Kehoe, 1997). 
Genes encoding a and P subunits of each of the 



phycobiliproteins are contiguous on the genome and 
are cotranscribed. In many cases, polycistronic 
transcripts, in addition to encoding phycobiliprotein 
subunits, also encode their associated L polypeptides. 
Furthermore, in a number of organisms there is more 
than one gene for the same phycobiliprotein subunit 
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(see below). A number of proteins that control the (the subscript indicating that it is constitutive). These 

biogenesis of PBS have also been partially genes are regulated by a repressor that is designated 

characterized, and in some cases the genes encoding RpbA; mutants in the rpbA appear bluer than wild 

these polypeptides have been cloned (Kehoe and type cells and exhibit elevated levels of the 7^4 7 

Grossman, 1996, 1997; Kahn and Schaefer, 1997; transcripts (Kahn etal., 1997). Furthermore the RpbA 

Manna et al., 2000). Features of the structural protein was shown to bind to the 7^ 7 promoter 

components of the PBS and the regulatory factors (Manna etal, 2000). The operon containing cpcR7^ 7 

involved in PBS biosynthesis are presented in Table 1 . also contains the cpcE and cpcF genes, which encode 

Figure 2 depicts the clustering of the genes encoding a lyase involved in attaching the tetrapyrrole 

PBS polypeptides into operons. chromophores to the a subunit of PC (Fairchild et al.. 

In F. diplosiphon and Calothrix PCC 760 1 , a and 1 992; Fairchild and Glazer, 1 994). The PC^ hexamers 

j8 AP subunits (designated and respectively), are located immediately proximal to the PBS core, 

encoded by the apcAlBl genes, are in an operon that The cpcB2A2 operon is specifically active in RL 

also contains the apcCl and apcEl genes. The latter (inactive in GL) and encodes PCj (the subscript 

two genes encode the core linker polypeptide and the indicating that it is inducible), which is critical for 

protein (or anchor protein), respectively CCA. Hexamers of PCj represent the major 

(Houmard et al., 1988a, b). This gene cluster is component of PBS rods when cyanobacterial cells 

unlinked to two other genes encoding core poly- are grown in RL. Three genes, designated cpcH2, 

peptides; the apcD gene encodes a modified P subunit cpcI2 and cpcD2 (Lomax et al., 1 987), encoding the 

of AP that serves, along with the as a terminal L proteins that associate with PCj, are cotranscribed 

energy acceptor within the PBS and the apcA2 gene with cpcB2A2, Furthermore, the cpcB2A2H212D2 

encodes a specialized a-like AP subunit. The genes operon is clustered on the E diplosiphon genome 

encoding core polypeptides (apcEABC) are not 2 i\ong with cpcBlAl md apcElAlBl Cl (ConlQy Qt 

differentially regulated during CCA. al., 1986). 

There are three distinct operons encoding and A third PC operon contains cpcB3A3 plus the 

subunits (cpcBA gQYiQs) in E diplosiphon (Conley genes encoding associated L polypeptides. This 

et al., 1985, 1986, 1988; Mazel et al., 1988; Mazel operon is only active during sulfur-limited growth 

and Marliere, 1989). The cpcBlAl operon is (Mazel and Marliere, 1989) and the PC encoded by 

constitutively transcribed and encodes PC^ subunits this operon has been designated PC^ (the subscript 




cpc3 operon (-S inducible) 



epe operon (green light inducible) 



epe linker operon (green light inducible) 

Fig. 2. Diagram of operons encoding phycobiliprotein and linker polypeptides in Fremyella diplosiphon and Calothrix PCC 7601 . The 
thickened segments of the lines represent intergenic regions. The functions of the different genes in each of the operons and regulatory 
features of the operons (indicated in Table 1 and to the right of the operon in this figure) are discussed in the text. All of the operons are 
transcribed from left to right. 
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indicating activation during sulfur-limitation). The 
only sulfur-containing amino acids in the a and P 
subunits of PC^ are the cysteines essential for the 
attachment of the phycobilin chromophores. Hence, 
when starved for sulfur, E diplosiphon can conserve 
this nutrient by substituting PCj and perhaps PC^ 
with PCg. 

The cpeBA operon encodes a and P subunits of PE 
(Mazel et ah, 1986). In contrast to the situation for 
the cpc and the ape operons, the genes encoding the 
L polypeptides that associate with PE are not 
contiguous on the genome; they are encoded by the 
cpeCDE operon (Federspiel and Grossman, 1990; 
Federspiel and Scott, 1992). However, activation and 
suppression of cpeBA and cpeCDE are coordinated. 
Furthermore, the cpeBA genes are linked to cpeTand 
epeZ, which are thought to encode the lyase that 
catalyzes the attachment of the chromophore to the 
PE apoprotein (Kahn et al., 1997). 

C. The Photobiology of Complementary 
Chromatic Adaptation 

Action spectra for PC and PE synthesis have been 
measured for both T. tenuis and E diplosiphon by 
quantifying the PE to PC ratios after exposure of the 
cyanobacteria to narrow bands of light of defined 
wavelengths (Haury and Bogorad, 1977; Vogelmann 
and Scheibe, 1978). Maximal PE synthesis and 
minimal PC synthesis occurred following exposure 
to 550 nm GL, while maximal PC synthesis and 
minimal PE synthesis occurred following exposure 
to 640 nm RL. Synthesis of PC is also stimulated by 
UV irradiation of 340-360 nm light. 

These data suggested that the photoreceptor(s) 
controlling CCA absorbed GL and RL (either through 
one or multiple chromophores), but elicited different 
responses in the two light qualities. PC synthesis and 
assembly into PBS dominates in RL while PE 
synthesis and assembly into PBS dominates in GL. 
In natural sunlight the mixture of RL and GL results 
in a PBS with intermediate levels of PC and PE. 

Fluence response characteristics of cpcBA and 
cpeBA expression in E diplosiphon have been 
measured (Oelmiiller et al., 1988a,b). Twice as many 
photons of light were needed to increase and decrease 
the abundance of the cpeBA mRNAs as were needed 
to increase and decrease the abundance of the 
cpcB2A2 mRNAs. Since there is little change in the 
half-lives of the mRNAs encoding the phycobili- 
proteins in RL and GL, the levels of PE and PCj 



appear to be primarily regulated by changes in the 
rates of transcription of the cpeBA and cpcB2A2 
operons, respectively. These findings raise the 
possibilities that two separate photoreceptors are 
involved in controlling the activities of cpeBA and 
cpcB2A2, or that signals generated by a single 
photoreceptor have different efficiencies in modu- 
lating cpeBA and cpcB2A2 transcription. Genetic 
evidence suggests that the latter may be the case (see 
below). 

D. In vivo and In vitro Promoter Analysis 

Proteins in extracts from GL- and RL-grown 
E diplosiphon that bind to the promoter regions of 
genes encoding phycobiliproteins and potentially 
control their expression have been examined in vitro. 
Three polypeptides appeared to interact with the 
cpeBA promoter in the region positioned - 1 1 0 to +8 1 
relative to the transcription start site (Sobezyk et al., 
1993). One binding protein was identified as RNA 
polymerase; in vitro DNase I footprinting suggested 
that RNA polymerase binds to sequences from -40 
to +15. Two other polypeptides, designated RcaA 
and RcaB, also interacted with the cpeBA promoter 
and were only detected in cells maintained in GL. 
RcaA bound the sequence between -67 and -45 ; this 
sequence contains a tandem 5'TTGTTA3' repeat 
(the two repeat sequences are separated by 4 bp). The 
exact position of the binding site for RcaB is not 
clear. While phosphatase treatment did not inhibit 
the binding of RcaB or RNA polymerase, it did 
abolish the binding activity of RcaA. 

Protein-DNA interactions with the -67 to -44 
sequence of cpeBA operon were also observed by 
Schmidt-Goff and Federspiel (1993) using in vivo 
footprinting, in vitro electrophoretic mobility shift 
assays, and DMS and DNase I in vitro footprinting. 
A protein, designated PepB (PE promoter-binding 
protein), bound to and protected the 5TTGTTA3' 
direct repeat located upstream of the transcription 
start site. Since RcaA and PepB appear to bind the 
same sequences, it is likely that they are identical 
proteins. However, there is a major difference between 
the binding activities observed by Sobezyk et al. 
(1993) and Schmidt-Goff and Federspeil (1993). In 
the former study RcaA binding activity was not 
detected in protein extracts from RL-grown cells, 
while in the latter study protein extracts from both 
RL- and GL-grown cells contained PepB binding 
activity. These contradictory findings remain to be 
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resolved, although they may reflect different 
physiological states of the cells used in the two 
studies. 

It is also uncertain if the 5'TTGTTA3' tandem 
repeat, which is located upstream of the transcription 
start site of the cpeBA operon, plays a major role in 
controlling expression of phycobiliprotein genes. 
The sequence is present in cpeBA promoters from 
other cyanobacteria in which PE synthesis is 
modulated by the wavelength of light. However, it is 
not present in the cpeCDE operon, in spite of the fact 
that this operon is controlled identically to cpeBA. 
Therefore, if the 5 TTGTTA3 ' motif is important for 
CCA, additional elements must be involved in 
coordinating the transcriptional responses of cpeBA 
and cpeCDE. 

Interactions of the cpcB2A2 promoter with soluble 
E diplosiphon protein have also been examined. 
Proteins from RL- and GL-grown E diplosiphon 
cells bind to the -298 to +25 region of the cpcB2A2 
operon (Casey and Grossman, 1 994). Based on DNase 
I footprinting, the major binding was to the sequence 
extending from -162 to -126. To determine if this 
region of the promoter was critical for CCA, a 
chimeric reporter gene was constructed in which the 
various regions of the cpcB2A2 promoter were fused 
to the ^-glucuronidase gene (GUS). These promoter 
constructs were reintroduced into E diplosiphon, 
and the transformants were assayed for light- 
responsive GUS activity. This study demonstrated 
that the footprinted region was not critical for CCA. 
In fact, a sequence extending from -76 to +25 relative 
to the cpcB2A2 transcription start site was all that 
was required to confer RL/GL responsiveness to 
GUS expression. When the promoter region was 
truncated to -37, RL was no longer effective in 
activating GUS and GUS activity remained low in 
both RL and GL. Hence, sequences between -76 and 
-37 are essential for the activity of the cpcB2A2 
promoter. 

Electrophoretic mobility shift assays were used to 
demonstrate that there was a protein that could bind 
to the -76 to +25 region of the cpcB2A2 operon. The 
binding activity was present in extracts from RL- 
grown but not GL-grown cells. Furthermore, a DNA 
fragment from -37 to +25 was able to specifically 
compete for this binding activity (Casey and 
Grossman, 1994), suggesting that the sequence from 
-37 to +25 interacts with a protein that is either only 
present or only binds in RL-grown cells. This region 
contains a direct repeat of 5 ' AAATTTGCACAAA3 '. 



Together, the results suggest that the -76 to -37 
region of cpcB2A2 operon contains an element(s) 
required for overall promoter activity while the -37 
to +25 sequence binds a regulatory element that can 
promote RL-specific transcription from cpcB2A2. 

E. Use of Mutants and Genetic Techniques to 
Dissect Complementary Chromatic Adaptation 

The studies most effective in revealing factors that 
control CCA involved mutant generation, charac- 
terization and complementation. The isolation of a 
variety of mutants in CCA (Cobley and Miranda, 
1983; Tandeau de Marsac, 1983; Bruns et al., 1989; 
Chiang et al., 1992; Kehoe and Grossman, 1996) 
established several mutant classes; these classes 
included the red (FdR), blue (FdB), green (FdG) and 
black (FdBk) mutants. At least one of these mutant 
phenotypes can result from lesions in any of a number 
of different loci (see below). The FdR mutants appear 
red under all conditions of illumination; they 
constitutively synthesize PE while FC- is never 
synthesized. The FdB strains are bluer than wild- 
type cells in RL and require more GL to suppress PCj 
synthesis than wild-type cells (Casey et al., 1997). 
The FdG strains exhibit normal PCj expression, but 
the PE genes never become active. In the FdBk 
mutants there are moderate levels of both PE and 
PCj, however, these levels remain the same in RL and 
GL (Grossman and Kehoe, 1996, 1997). 

Initially, the FdR mutants were most extensively 
characterized. These strains are fixed in a response 
normally exhibited only in GL. The patterns of 
transcript accumulation in the FdR mutants reflect 
the altered patterns of PE and PCj accumulation, 
suggesting aberrant transcriptional regulation of both 
the cpeBA and cpcB2A2 operons (Bruns et al., 1 989). 

The first successful complementation was of the 
FdR strains with a wild-type recombinant library of 
E diplosiphon genomic DNA in a plasmid (kanamycin 
resistance marker gene) originally constructed by 
John Cobley (Chiang et al., 1992; Schaefer et al., 
1993). When the selection pressure was removed 
from the complemented strain, the wild-type 
phenotype reverted to that of the mutant. This suggests 
that elimination of the selective pressure allows the 
cells to grow at a rate that exceeds the replication rate 
of the recombinant plasmid. The complementing 
gene, designated rcaC, in the original red mutant was 
interrupted by an insertion; this insertion probably 
resulted from transposition of an endogenous, mobile 
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Fig. 3. Two component regulators (A) and the specific regulatory proteins associated with chromatic adaptation (B). Each of the 
functional domains within the proteins are indicated. A) The sensor protein can catalyze autophosphorylation of the histidine (H) of the 
H block. The motifs required for phosphorylation are designated N, Gl, F and G2. The phosphate associated with the histidine can be 
transferred to an aspartate residue (D) in the receiver domain of the response regulator. This aspartate can be phosphorylated to some 
extent by cross-talk with other sensors in the cell or by small molecule phosphodonors. The sensor can also act as a phosphatase and 
maintain the response regulator in a dephosphorylated state. Phosphorylation of the response regulator can alter the affinity of the DNA 
binding domain for specific promoters. B) RcaC is an atypical response regulator that is critical for CCA. This protein has two receiver 
domains with the characteristic aspartates at positions 51 (D51) and 576 (D576), an H2 or histidine phosphotransfer domain that is 
potentially phosphorylated, and a DNA binding domain. RcaE is the putative sensor that controls CCA. This polypeptide has motifs that 
are associated with histine kinase activity (N, Gl, F, G2), an H block with a histidine (H) that is potentially phosphorylated, a sequence 
similar to the chromophore binding domain of vascular plant phytochromes (Phytochrome-like domain) and a PAS domain. 



genetic element (Chiang et al., 1992; Kahn and 
Schaefer, 1998). 

The rcaC gene encodes a polypeptide of 651 
amino acids with sequence similarities to response 
regulators of two component regulatory systems (for 
a review see Parkinson and Kofoid, 1 992; Appleby et 
al., 1996). The most simple type of two component 
regulatory system is depicted in Fig. 3A. These 
systems have both sensor and response regulator 
polypeptides. The sensor polypeptides are histidine 
kinases; upon sensing a specific environmental 
stimulus they undergo autophosphorylation. N, Gl, 
F and G2 domains contain the information required 
for kinase activity and the H block contains the 
phospho-accepting histidine. Following autophos- 
phorylation, the phosphoryl group is passed to an 
aspartate residue in the conserved receiver domain 
of a response regulator. Sensor proteins also exhibit 
phosphatase activity and, under certain conditions, 
may promote dephosphorylation of their partner 
response regulator. Often, the response regulator is a 
transcription factor that binds specific promoter 
sequences and alters the transcriptional activity of 



genes; promoter-binding activity may be regulated 
by the reversible phosphorylation of the aspartate 
residue. Also, more than one sensor or response 
regulator may exist within any given pathway. 
Typically the perception of an environmental signal 
(such as light) would trigger a phosphorelay that 
results in the activation of a number of genes via the 
phosphorylation of a response regulator (Parkinson 
and Kofoid, 1992). 

RcaC is an unusual response regulator. It is 
approximately twice as large (73 kDa) as most 
response regulators and has two, instead of one, 
conserved, aspartate-containing receiver domains; 
one is at the amino terminus (D5 1) and the other at 
the carboxy terminus (D576) (Fig. 3B). Contiguous 
to the amino terminal receiver domain is a sequence 
predicted to bind DNA and between this region and 
the carboxy terminal receiver domain is a histidine- 
containing motif that resembles an H block found in 
some unorthodox sensor proteins (Ishige et al., 1 994; 
Appleby etal., 1996; Kehoe and Grossman, 1997). A 
variety of unique sensor-response regulator systems 
termed ‘four step phosphorelays’ have been 
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discovered that contain more than two phospho- 
receiver domains (Appleby et al., 1996). 

We have begun to explore the role of the aspartate 
phosphorylation domains of RcaC in CCA. Site- 
directed mutagenesis of rcaC was used to convert the 
D51 and D576 residues to glutamate or asparagine 
(Kehoe and Grossman, 1995) and the altered rcaC 
genes were transformed into a rcaC null mutant. 
Strains in which D5 1 was changed to asparagine had 
constitutive, high level synthesis of PE and essentially 
no synthesis of PCj, which is the same phenotype 
observed in the original FdR mutant. However, when 
D51 was changed to a glutamate, CCA became 
insensitive to light quality with moderate accumu- 
lation of both PC and PE. In similar studies with the 
response regulator NtrC, conversion of the conserved 
aspartate to a glutamate caused the cells to behave as 
if the regulatory aspartate residue had been 
phosphorylated to some extent (Klose et al., 1993). 
When the aspartate was converted to an asparagine 
the NtrC behaved as if it were not phosphorylated. 
The results described for the site-directed mutagenesis 
of NtrC and RcaC suggest that the D5 1 residue of the 
latter is phosphorylated in RL-grown cells and that 
the phosphorylation results in high level PC and little 
PE synthesis. Phosphorylation of the protein is 
mimicked to some extent when D5 1 is changed to a 
glutamate (as it is for NtrC). Hence, wild-type cells 
would dephosphorylate D51 in GL, which would 
trigger elevated PE synthesis and cause depression 
of PC synthesis; this phenotype becomes constitutive 
when the aspartate is changed to asparagine. At this 
stage it is not clear if RcaC directly interacts with the 
promoters of the phycobiliprotein operons or if its 
effect on CCA is indirect. Furthermore, the effects of 
altering the carboxy-terminal aspartate, D576, or the 
H block histidine residue of RcaC have not been 
established. 

The FdBk class of mutants was also complemented. 
The complementing DNA encodes a protein, 
designated RcaE, with a molecular mass of 74 kDa 
(Kehoe and Grossman, 1996) (Figure 3B). The 
carboxy-terminal region of RcaE has the four motifs 
typical of sensor polypeptides that are required for 
histidine kinase activity (N, Gl, F and G2) as well as 
an H block. Surprisingly, the amino-terminal half of 
the protein has a domain of approximately 1 40 amino 
acids that is similar to the tetrapyrrole chromophore 
attachment domain of phytochromes (Kendrick and 
Kronenberg, 1 994); it appears to contain the cysteine 
residue that covalently binds to the tetrapyrrole 
chromophore. Recent biochemical studies have 



demonstrated that RcaE covalently binds a linear 
tetrapyrrole chromophore and that the cysteine is 
required for the covalent attachment of the 
chromophore to the protein (Kehoe and Grossman, 
unpublished data). Furthermore, several eukaryotic 
and prokaryotic (Cphl) phytochromes have been 
shown to have protein kinase activity in vitro (Yeh et 
al., 1997; Yeh and Lagarias, 1998), once again 
supporting an evolutionary relationship between 
chromophore bearing sensor kinases such as RcaE 
and the eukaryotic phytochrome photoreceptor 
family. 

Interestingly, RcaE also has sequence similarity to 
vascular plant ethylene receptors (Chang et al., 1 993 ; 
Hua et al., 1995; Wilkinson et al., 1995), which are 
similar to sensor kinases of bacterial two component 
regulatory systems; they contain the motifs required 
for histidine kinase activity. In addition, the amino- 
terminal sequences of ethylene receptors contain 
two motifs, designated T2L and R2L (Kehoe and 
Grossman, 1996), that are also present in the amino- 
terminal half of RcaE. These motifs are similar with 
respect to both their amino acid sequences and their 
positions relative to each other; they also overlap the 
regions of RcaE that are similar to the phytochromes. 
The significance of these similarities is not yet clear. 

The phenotype of the FdBk mutant and the 
similarity of RcaE to sensor histidine kinases and 
eukaryotic phytochrome photoreceptors are consis- 
tent with a photoreceptor role for RcaE. In the FdBk 
mutant both the cpcB2A2 and cpeBA operons are 
partially active (the mixture of PC and PE is 
responsible for the black-green color of these strains), 
but their expression is not sensitive to light quality. 
The finding that mutants null for RcaC synthesize 
high levels of PE and low levels of PC in either RL or 
GL combined with the results from the site-directed 
mutagenesis studies, described above, suggest that 
activation of cpcB2A2 and repression of cpeBA in 
RL require phosphorylation of RcaC (Chiang et al., 
1992). The critical phosphorylation is at an aspartate 
residue (D5 1 ) in the amino terminal receiver domain 
(Kehoe and Grossman, 1995). Therefore, the FdBk 
mutants must have partial and constitutive phos- 
phorylation of the RcaC regulator (and perhaps other 
regulatory proteins involved in signal transduction; 
see below). Since the FdBk mutant appears to be null 
for rcaE, this phosphorylation must occur as a 
consequence of promiscuous phosphorylation by 
other sensor proteins in the cell (Wanner and Wilmes- 
Riesenberg, 1992) or by small phosphodonor 
molecules (Wanner and Wilmes-Riesenberg, 1992; 
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Wanner, 1994). 

The sequence of the entire Synechocystis PCC 
6803 genome (Cyanobase) revealed at least eight 
deduced polypeptides related to both RcaE and 
eukaryotic phytochromes. One of the gene encoding 
a phytochrome-like protein, designated cphl, has 
been expressed in vitro and is capable of binding a 
chromophore and undergoing a photochromic shift 
in absorbance (Yeh et al., 1 997). These results suggest 
that the phytochrome-related polypeptides in 
cyanobacteria act as photoreceptors. The finding that 
these proteins also contain domains typical of 
histidine kinases, has led to renewed efforts to 
determine whether or not phytochrome exerts its 
physiological effects by triggering a phosphorylation 
cascade. Recently Lagarias and colleagues have 
demonstrated that phytochrome that is synthesized 
in yeast can undergo autophosphorylation, although 
it appears to have serine/threonine kinase rather than 
histidine kinase activity (Yeh and Lagarias, 1998). 
Defining the signal transduction processes that are 
triggered by phytochrome-like photoreceptors in 
prokaryotes is providing us with new insights into 
mechanisms involved in light-regulated gene 
expression in plants. 

A number of the FdR mutants could not be 
complemented by rcaC (Kehoe and Grossman, 1 997). 
Some of these were complemented by the putative 
photoreceptor gene rcaE, and the rest were 
complemented by rcaF, the gene immediately 
downstream of rcaE on the cyanobacterial genome. 
Translation of the RcaF protein, which is homologous 
to response regulators, initiates 12 bp downstream of 
the translation termination site of rcaE. However, 
like CheY and SpoOF, response regulators involved 
in flagellar movement in E. coli and sporulation in 
Bacillus subtilis, respectively (Clegg and Koshland, 
1984; Ravid et al., 1986; Yamaguchi et al., 1986; 
Wolfe et al., 1987; Parkinson and Kofoid, 1992; 
Perego and Hoch, 1996), RcaF is very small (124 
amino acids) and does not contain an identifiable 
output domain. RcaF may act as an intermediate in 
the phosphorelay pathway controlling CCA and 
transfer phosphate groups from its cognate sensor 
(presumably RcaE) to other response regulators such 
as RcaC (see below and Fig. 4). 

Since rcaE is sufficient for complementing both 
FdBk (Kehoe and Grossman, 1 996) and FdR mutants, 
different lesions in rcaE can generate different 
pigment phenotypes. Furthermore, a FdR phenotype 
can result from lesions in at least three distinct genes 
(rcaC, rcaE, and rcaE). To elucidate the molecular 



basis for the above observations, genomic DNA 
from the FdBk (rca£"-FdBk) and FdR {rcaE-V&R, 
rcaF-FdR) mutants were analyzed. All of the strains 
had inserts in the region of the genome containing 
the rcaEIrcaF operon. The insertions appear to be 
the consequence of transpositions that were triggered 
during the chemical mutagenesis procedure (Chiang 
et al., 1992); there is some evidence for stress- 
induced mobilization of transposable elements in E 
diplosiphon (Bruns et al., 1989). In the rca£'-FdBk 
mutants the inserts were located within 200 bp of the 
putative translation start site; the location of these 
insertions and the lack of detectable RcaE in these 
mutants, based on Western blot analyses (Kehoe and 
Grossman, unpublished data), make these mutants 
likely to be null for rcaE. The rca£'-FdR mutants also 
contained insertions, however, they were positioned 
between the H block and the four conserved motifs 
critical for histidine kinase activity; this strain appears 
to make a truncated form of RcaE. The rcaF-FdR 
mutants contained DNA insertions located approxi- 
mately 200 bp downstream of the rcaE translation 
initiation codon. 

The constitutive levels of PE and PC in the rcaE- 
FdBk mutants reflects an intermediate activation 
state of the system, resulting from low level 
phosphorylation of the response regulator that is not 
regulated by CCA (Feng et al., 1992; Lukat et al., 
1992; Parkinson and Kofoid, 1992; Wanner and 
Wilmes-Riesenberg, 1992). Hence, it is likely that 
RcaF can be phosphorylated to some extent in the 
absence of RcaE; this phosphorylation is not 
controlled by light quality and probably results from 
crosstalk between RcaF and other sensors in the cell 
or phosphoryl transfer from small molecule 
phosphodonors. It is not unusual that creating a null 
mutation in a sensor kinase leads to an intermediate, 
constitutive activation of the phosphorelay system. 
In the rca£'-FdR mutants, although the truncated 
RcaE cannot undergo autophosphorylation, it may 
still be able to bind to RcaF and block its 
phosphorylation by other molecules and/or retain 
phosphatase activity, which would maintain RcaF in 
a dephosphorylated state. A deletion of the same 
region of the sensor NarQ leads to a loss of the kinase 
but retention of phosphatase activity (Cavicchioli et 
al., 1995). 

The relationships between RcaE, RcaF and RcaC 
can also be inferred by examining the effects of 
overexpression of these regulatory elements in both 
wild-type and mutant strains during growth in white 
light (Grossman and Kehoe, 1997; Kehoe and 
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RcaC 



red cells 
(cpeBA on, 
cpcB2A2 off) 




green cells 
{cpeBA off, 
cpcB2A2 on) 



Fig. 4. Current model for the early steps in the signal transduction pathway controlling CCA. In GL, RcaE acts as a phosphatase, 
dephosphorylating RcaF and maintaining the signal transduction elements in a dephosphorylated state. In RL, RcaE acts as a kinase, 
phosphorylating RcaF, which in turn can phosphorylate RcaC. The details of the phosphorelay are discussed in the text. 



Grossman, 1997). Overexpressing RcaF or RcaC in 
white light-grown, wild-type cells leads to an increase 
in PC and a decrease in PE (elevated PC: PE ratio). 
Increased response regulator levels have been shown 
to cause phenotypic effects in many systems 
(Shattuck-Eidens and Kadner, 1983; Clegg and 
Koshland, 1984;Rogowskyetal., 1987;Hertigetal., 
1989; Perego and Hoch, 1991; Eraso and Kaplan, 
1994;Cavicchioli etal., 1995; Boyd and Lory, 1996). 
These effects may reflect an increase in the absolute 
number of phosphorylated response regulators that 
result from legitimate interactions with cognate sensor 
molecules, crosstalk with other cellular sensors, or 
by transfer of phosphoryl groups from small molecule 
phosphodonors. The altered phenotype in strains 
expressing high levels of a response regulator may 
also result from concentration-mediated activation 
of non-phosphorylated response regulators; some 
response regulators are active in higher order 
aggregates (Fiedler and Weiss, 1995; Mettke et al, 
1 995). When additional copies of rcaC are introduced 
into the rcaE-VdR and rcaF-FdR mutants, or when 
rcaF is introduced into the rcaE mutant (but not 
when introduced into the rcaC mutant), there is also 
an increase in PC:PE ratio. These results support the 
idea of a linear signal transduction pathway in which 
RcaE is the molecule that senses the light quality 
followed by transmission of the signal to RcaF and 
then RcaC. 



IV. Model for the Control of Complementary 
Chromatic Adaptation 

The three proteins identified as critical for control of 
CCA are RcaE, RcaF and RcaC. These proteins are 
members of bacterial two component regulatory 
systems. However, the phosphorelay system 



controlling CCA is unique since it includes, among 
these three proteins, at least five potential phospho- 
acceptor domains. Some systems have been studied 
that have four phosphoacceptor domains; these 
include phosphorelay systems that control sporulation 
in B. subtilis (Burbulys et al., 1991), transcriptional 
regulation of virulence factors in Bordetella pertussis 
(Ishige et al., 1994; Uhl and Miller, 1996) and 
osmoregulation in Saccharomyces cerevisiae (Posas 
et al., 1996). 

As shown in the model of Fig. 4, RL stimulates 
and GL inhibits the transfer of phosphoryl groups 
along the phosphorelay pathway. RcaE, the phyto- 
chrome-related protein, is the sensor that perceives 
the light signal. We propose that RL causes RcaE to 
undergo an autophosphorylation followed by transfer 
of the phosphoryl group to the response regulator 
RcaF. RcaF may also serve as an entrance point for 
phosphoryl donors other than RcaE. Phosphorylated 
RcaF may transfer the phosphoryl group to an H 
block or histidine phosphotransfer domain within 
RcaC, which can then pass it to either the amino or 
(perhaps) the carboxy terminal receiver domain. The 
amino terminal receiver domain of RcaC is critical 
for CCA, while the role of the carboxy terminal 
receiver domain is unclear, although it may function 
to fine tune the system with respect to other 
environmental conditions. 

But the CCA phosphorelay story does not end 
with RcaC. There are likely other regulatory factors 
that are involved in the specific control of either 
cpcB2A2 or cpeBA. All of the mutants discussed to 
this point control both cpcB2A2 and cpeBA. Mutants 
that only affect cpeBA expression have been identified 
and designated turquoise (FdTq) mutants. These 
mutants exhibit normal regulation of cpcB2A2 but 
fall to accumulate cpeBA mRNA in GL. Furthermore, 
FdTq strains show normal control of cpeCDE, 
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suggesting that there are unique features of light 
regulation that distinguish the cpeBA and cpeCDE 
operons. Complementation of the FdTq strains 
resulted in the isolation of two genes designated trqA 
and trqB. These genes encode proteins that are most 
closely related to different classes of protein 
phosphatases (Seib and Kehoe, 2002). Although the 
role of TrqA and TrqB in the regulation of the cpeBA 
operon during CCA remains to be precisely 
established, the similarity of these polypeptides to 
protein phosphatases is interesting, especially since 
RcaA binding to the cpeBA promoter is modulated 
by its phosphorylation state (Sobczyk et al 1993). 
Furthermore, Seib and Kehoe (2002) also demon- 
strated that some light regulation of the cpeBA and 
cpeCDE operons remained in the rcaE null mutant. 
This suggests that there is a second system for RL/ 
GL photoperception that influences the activity of 
the phycobiliprotein and linker polypeptide genes. 

There are still many questions concerning CCA 
that remain unresolved. We do not know if RcaC 
binds to the promoters of the phycobiliprotein genes 
directly and alters their activity or if it binds in 
conjunction with other phosphorylated components. 
It is also unclear whether or not a second polypeptide 
is a component of the RcaE photoreceptor. Also, it is 
likely that at least one additional photoreceptor sys- 
tem, still undefined, influences the activity of genes 
encoding the phycobiliproteins and linker poly- 
peptides. 



V. Control of Phycobilisome Biosynthesis 
During Nutrient Limitation 

The PBS can represent 30^0% of the cellular protein, 
which is a very large commitment for the biosynthetic 
machinery of the cell. Therefore, as expected, PBS 
synthesis is highly regulated; it is linked to an array 
of different environmental conditions in addition to 
light quality. These conditions would include light 
intensity, osmolarity, nutrient availability and 
temperature. As an example, in some cyanobacterial 
strains high light rapidly depresses phycobiliprotein 
synthesis. In the case of Synechococcus PCC 7942, 
phycobiliprotein transcript levels decline more 
gradually than does the synthesis of the polypeptides 
(Dolganov and Grossman, unpublished). These 
observations suggest that phycobiliprotein synthesis 
is controlled by both transcriptional and post- 



transcriptional processes. The exact intracellular 
conditions that are critical for controlling PBS 
synthesis are not known, however, the cells have 
probably evolved to balance the utilization of 
absorbed excitation energy for the production of 
NADPH and ATP with the cellular requirements 
(growth and maintenance) for these metabolites. 
This balance is critical since excess excitation of the 
photosynthetic reaction centers could result in the 
production of highly reactive oxygen species that 
can destroy the cell (Asada, 1994). Changes in 
extracellular conditions such as nutrient availability, 
will often result in a change in the redox state of the 
cell as well as changes in intracellular metabolite 
pools which, in turn, might modulate both the 
synthesis and degradation of PBS. 

A. Specific Responses to Nutrient Limitation 

The responses of organisms to nutrient availability 
may be classified as those that are speeific to the 
limiting nutrient and those that are more general and 
occur during any of a number of different nutrient 
limitation conditions. The specific acclimation 
responses include metabolic changes that enable 
organisms to efficiently scavenge the limiting nutrient 
from their surroundings. This increased scavenging 
efficiency is a consequence of elevated synthesis of 
high affinity transport systems (Grille and Gibson, 
1979; Green and Grossman, 1988; Omata et al., 
1993) and the production of hydrolytic enzymes that 
allow the cells to utilize alternate forms of the limiting 
nutrient (de Hostos et al., 1988; Ray et al., 1991; 
Quisel et al., 1996). Both the synthesis of extracellular 
phosphatases and an increase in the cells capacity for 
phosphate transport have been reported to occur 
during phosphorus limitation (Grillo and Gibson, 
1979; Ray et al., 1991). Limiting Synechococcus 
PCC 7942 for ammonia leads to the activation of 
genes encoding transport systems for nitrate and 
nitrite (Omata et al., 1993). During sulfur-limited 
growth, Synechococcus PCC 7942 has elevated 
transport of sulfate into the cell, which is dependent 
upon light and varies with both temperature and pH 
(Utkilen et al., 1976; Jeanjean and Broda, 1977). A 
cluster of genes on the Synechococcus genome was 
isolated that encodes the high affinity sulfate transport 
system and other genes regulated by sulfate 
availability (Green et al., 1989; Laudenbach and 
Grossman, 1991; Laudenbach et al., 1991). Inter- 
estingly, one gene in this cluster (cysR) encodes a 
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regulatory protein that activates the transcription of a 
number of genes on the large plasmid in Synecho- 
coccus PCC 7942; the plasmid-encoded genes appear 
to be involved in the utilization of various sulfur- 
containing compounds, including thiocyanate 
(Nicholson and Laudenbach, 1995; Nicholson et al., 
1995). 

B. General Responses to Nutrient Stress 

General responses to nutrient-limited growth have 
been sporadically examined over the last 25 years. 
Dramatic alterations in the ultrastructure of 
cyanobacterial cells grown under adverse nutrient 
conditions have been observed via electron 
microscopy. Sherman and Sherman (Sherman and 
Sherman, 1983) and Wanner et. al. (Wanner et al., 
1986) demonstrated that iron-, nitrogen-, and sulfur- 
deficient Synechococcus cells had less than half of 
the normal complement of thylakoid membranes. 
The remaining membranes were disorganized and 
interspersed with large deposits of glycogen. There 
was also a decrease in the number of carboxysomes 
and increased formation of polyphosphate granules. 
Temporal studies of nitrogen-deficient Synechococcus 
PCC 7002 demonstrated that removal of the nutrient 
caused a loss of PBS followed by a reduction in 
ribosomes and thylakoid membranes (Stevens and 
Poane, 1981). Furthermore, there is a rapid loss of 
oxygen evolving activity in cells deprived of either 
nitrogen or sulfur; 48 h of starvation leads to a 
depression in oxygen evolution by over 90%. Cells 
that have experienced 48 h of phosphorus limitation 
maintain oxygen evolution at a level of approximately 
40% of that observed in unstarved cells. The decline 
in oxygen evolution is correlated with a loss of 
fluorescence emission at 685 nm and 695 nm, which 
is associated with the chlorophyll a antennas of 
Photosystem II and the Photosystem II reaction 
centers. Measurements of the energy storage capacity 
of photosynthesis using photoacoustic techniques 
(Herbert et al., 1990) also suggested that Photo- 
system II activity was severely diminished in 
nitrogen- and sulfur-deprived cells (Collier et al., 
1994); Photosystem II may be degraded during 
macronutrient deprivation. In contrast, energy storage 
by Photosystem I remains approximately the same in 
starved and unstarved cells. Sustained energy storage 
by Photosystem I under nutrient stress conditions 
would help the cells maintain essential metabolic 
processes and allow for the uptake of the limiting 



nutrient once it becomes available. 

A visually dramatic, general response of cyano- 
bacteria to nutrient-limited growth is the decrease in 
pigment molecules in the cell. The first quantification 
of pigment levels during nutrient deprivation was 
performed by Allen and Smith (1969). In this and 
other studies (Yamanaka and Glazer, 1980; Collier 
and Grossman, 1992), it was shown that exposure of 
cyanobacteria to nitrogen- and sulfur-starvation 
conditions caused rapid and almost complete loss of 
the PBS. Degradation of this abundant light- 
harvesting complex could provide amino acids or 
carbon skeletons for the production of other cellular 
constituents required during nutrient deprivation. It 
would also reduce the absorption of excess excitation 
energy; excess absorbed light energy could result in 
photodamage and cell death. Degradation of the PBS 
in Synechococcus PCC 7942 suggests 

that recycling of phycobiliproteins may also provide 
the cell with some sulfur in the form of cysteine and 
methionine. Finally, the ‘general’ losses of pigmen- 
tation in response to macronutrient limitations are 
not all the same. Cells limited for phosphorus do not 
degrade the PBS. Reduced pigmentation in phos- 
phorus-starved cells is mostly the result of dilution 
of the pigment molecules upon cell division; four to 
six divisions occur after Synechococcus cells are 
diluted into phosphorus-free medium (Collier and 
Grossman, 1992). 

The degradation of the PBS during nutrient stress 
is an ordered process. Eliminating nitrogen or sulfur 
from the growth medium provokes a rapid loss of the 
terminal PC hexamer of the PBS rods and its 
associated 30 kDa linker polypeptide (Yamanaka 
and Glazer, 1980; Collier and Grossman, 1992). This 
is followed by some loss of the second PC hexamer 
and its associated 33 kDa linker polypeptide, along 
with a decrease in the number of rods per PBS 
(Yamanaka and Glazer, 1980); sustained deprivation 
results in the complete degradation of the PBS. 

In early studies With Anabaena, PBS degradation 
was attributed to a specific protease that increased 
four- to six-fold during nitrogen limitation (Wood 
and Haselkorn, 1979; Wood and Haselkorn, 1980). 
The PBS of Synechococcus is extremely stable in 
nutrient-sufficient medium and is rapidly degraded 
upon transfer of cells to medium lacking in either 
nitrogen or sulfur, making it unlikely (although not 
impossible) that the complete loss of the light- 
harvesting complex is the consequence of a four- to 
six-fold increase in a specific protease. In our 
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laboratory, mutants of Synechococcus were isolated 
that could not degrade their PBS during nutrient 
deprivation. A number of these mutants exhibited no 
PBS degradation during either sulfur- or nitrogen- 
deprivation. Some mutants grew at a similar rate, and 
exhibited a similar susceptibility to high light during 
the acclimation process as wild-type cells. Hence, 
even though the mutant cells had a considerable 
number of PBS that could absorb potentially 
damaging excitation energy, the mutants appeared to 
be no more photosensitive than normally acclimating 
wild-type cells. Additional experiments suggested 
that the PBS present in the mutant organisms were 
not able to efficiently transfer harvested light energy 
to the reaction centers of Photosystem II (Collier and 
Grossman, unpublished). This uncoupling of the 
light-harvesting complex from the primary photo- 
chemical reactions of Photosystem II (excess 
excitation of Photosystem II might be the primary 
cause of photodamage), which also occurs in wild- 
type cells during nutrient limitation, may explain the 
lack of increased photosensitivity in these strains. 
Other nonbleaching mutants died more rapidly than 
wild-type cells during nutrient limitation. 

Complementation of one of the nonbleaching 
mutants led to the isolation of the nblA (nonbleaching) 
gene, which contains an open reading frame of 59 
amino acids. Sequences homologous to NblA are 
present both in cyanobacteria (Cyanobase) and on 
the plastid genome of red algae (Apt and Grossman, 
1993). The Synechococcus nblA transcript only 
accumulates to high levels in cells starved for nitrogen 
or sulfur; low levels of the nblA transcript are observed 
in cells maintained in phosphorous-free or in complete 
medium. Under all conditions tested, the level of 
expression of nblA correlated with decreased PBS 
levels. When the wild-type nblA gene was placed on 
the autonomously replicating plasmid pPLAN (a 
shuttle vector constructed by David Laudenbach) 
and transformed into Synechococcus, the level of 
PBS on a per cell basis declined by 20-30% in 
nutrient-replete medium. This suggests that multiple 
copies of nblA may result in increased, although still 
low level expression, and consequently an elevated 
rate of degradation of the PBS. Furthermore, the 
cells will degrade the PBS during phosphate stress if 
nblA is placed under the control of the alkaline 
phosphatase promoter, which is only active during 
phosphate-limited growth (Ray et al., 1991), and 
introduced into the cell on the pPLAN vector (Collier 
and Grossman, 1994). 



The studies of nblA have raised a number of 
interesting ideas. Since increased expression of nblA 
can cause PBS degradation, even under conditions in 
which the PBS is not normally degraded, it is likely 
to be the primary (only) gene whose activity must be 
elevated to provoke bleaching during sulfur- or 
nitrogen-limited growth. The small deduced size of 
the NblA polypeptide and its lack of similarity to 
known proteases, suggest that it is not a protease 
itself It may function to activate or alter the specificity 
of a protease, or somehow tag the PBS for degradation. 
Tagging proteins for degradation may involve 
covalent attachment of the NblA polypeptide to the 
PBS, similar to the binding of ubiquitin to proteins in 
eukaryotes (Hershko, 1988), or the disruption of 
hydrophobic and/or ionic interactions among various 
constituents of the PBS, making the proteins of the 
PBS more susceptible to general proteases in the 
cell. Finally, although NblA is the only gene product 
initially needed to provoke PBS degradation, it may 
be involved in the activation or derepression of other 
genes in the cell (however, the NblA polypeptide 
does not resemble any transcriptional regulator 
characterized to date). Recent experiments have 
demonstrated the presence of two nblA genes in 
Synechocystis PCC 6803. Similar to the case in 
Synechococcus, these genes are strongly expressed 
and essential for PBS degradation during nitrogen 
deprivation (Baier et al., 2001 ; Richaud et al., 2001). 

The phenotype of a second nonbleaching mutant 
was complemented by the nblB gene. The NblB 
protein has homology to a subunit (CpcE) of the 
lyases that catalyze the covalent attachment of 
phycocyanobilin and phycoerythrobilin chromo- 
phores to apophycobiliproteins subunits (Fairchild 
et al., 1992; Swanson et al., 1992; Zhou et al., 1992; 
Fairchild and Glazer, 1994; Jung etal., 1995; Kahn et 
al., 1 997; Dolganov and Grossman, 1999). Mutations 
in the lyase genes {cpcE and cpcF) involved in 
attaching phycocyanobilin to the a subunit of PC 
resulted in strains that accumulated very low levels 
of PC (Swanson et al., 1992; Zhou et al., 1992; 
Bhalerao et al., 1994). Furthermore, while the (3 
subunit of PC in these strains appeared to be normal, 
approximately 80% of the a subunits that were present 
were not associated with the normal chromophore 
(Zhou et al., 1992). In vitro experiments using the 
CpcE and CpcF polypeptides over-expressed in E. coll 
demonstrated that these polypeptides formed 
heterodimers that were capable of catalyzing the 
addition of phycocyanobilin to the cysteine (Cys-84) 
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of the chromophore binding site of the a subunits of 
PC (Fairchild et ah, 1992; Fairchild and Glazer, 
1994). These results strongly suggest that CpcE and 
CpcF are required for the attachment of the 
phycocyanobilin chromophore to the a subunits of 
PC. Since the initial discovery of the PC a subunit 
phycocyanobilin lyase, some of the genes encoding 
analogous lyases thought to play a role in attachment 
of bilin tetrapyrroles to phycoerythrin (Wilbanks 
and Glazer, 1993; Kahn et al., 1997) and phycoery- 
throcyanin (Jung et al, 1995) subunits have been 
identified. In all cases, the lyase genes are part of 
operons encoding phycobiliproteins. In Synecho- 
coccus, cpcE and cpcF are located downstream of 
the cpcB2A2 gene cluster. The cpcE and cpcF genes 
are also located downstream of the cpcBA genes in 
Pseudanabaena (Dubbs and Bryant, 1993), Anabaena 
PCC 7120 (Belknap and Haselkom, 1987), Fremyella 
diplosiphon (Conley et al, 1 988) and Calothrix PCC 
7601 (Mazel et al, 1988; Tandeau de Marsac et al, 
1988). 

The similarity of NblB with apophycobiliprotein- 
phycochromobilin lyase subunits suggests that NblB 
interacts directly with the tetrapyrrole chromophore 
that is attached to phycobiliprotein subunits. Since a 
nblB mutant does not degrade its PBS during nutrient 
limitation, it is reasonable to propose that NblB 
catalyzes the removal of chromophores from the 
holophycobiliprotein subunits and that only after the 
chromophore is removed can phycobiliprotein 
subunits be degraded. Furthermore, nblB mutants 
exhibit higher PC levels than wild-type cells grown 
in nutrient-replete conditions. Hence, it is likely that 
NblB is part of the machinery that coordinates 
degradation of the PBS with changes in ambient 
environmental conditions. The similarity between 
NblB and CpcE (and CpeZ and PecE) may reflect the 
ability of these polypeptides to bind tetrapyrrole 
chromophores of phycobiliprotein subunits. However, 
the former may also facilitate cleavage of the 
tetrapyrrole from PBS subunits. 

The phenotype of a third nonbleaching mutant 
was complemented by the nblR gene. This gene 
encodes a response regulator of two component 
regulatory systems similar to CopR from Pseudo- 
monas syringae (Mills et al, 1993), PhoB from 
Escherichia coli (Makino et al, 1986), SphR from 
Synechococcus (Aiba et al, 1993; Nagaya et al, 
1994) and OmpR from Escherichia coli (Hall and 
Silhavy, 1981; Forst et al, 1989). Such response 
regulators often activate the transcription of genes 



involved in the acclimation of bacterial cells to various 
stress conditions. For example, PhoB activates 
transcription of the pho regulon, which is comprised 
of several operons that are important for scavenging 
phosphorus from the environment (Wanner, 1993). 
CopR is involved in the acclimation of cells to 
elevated levels of copper (Makino et al, 1986) and 
OmpR regulates transcription of genes encoding the 
major outer membrane porin proteins in response to 
changes in osmolarity (Vega-Palas et al, 1992). 

Cyanobacterial strains made null for NblR are 
defective in a number of different processes. They a) 
have approximately 150% the level of PBS relative 
to wild-type cells during nutrient-replete growth in 
moderate light (80 pmol photons m~^ s~^), b) fail to 
degrade PBS during sulfur or nitrogen limitation and 
c) cannot properly modulate PBS levels during 
exposure to high light. The a), b) and c) phenotypes 
probably reflect the fact that the nblR mutant d) 
cannot activate nblA during nutrient limitation; the 
mutant also e) dies rapidly when starved for either 
sulfur or nitrogen, or when exposed to high light 
(Schwarz and Grossman, 1998). Hence, in addition 
to controlling PBS degradation, NblR modulates 
functions critical for cell survival during nutrient- 
limited and high light conditions. The presence of 
the photosynthetic electron transport inhibitor DCMU 
slows the death of the nblR mutant during both sulfur 
and nitrogen starvation, suggesting that the death of 
this mutant is due to its inability to properly down- 
regulate photosynthesis upon exposure to stress 
conditions. NblR does not appear to be involved in 
controlling the specific responses to nutrient 
limitation; the activation of genes encoding 
components of the sulfate transport systems are 
normally induced in the nblR mutant. The nitrogen- 
specific responses are also likely to be normal in the 
nblR mutant, based on the following reasoning. In 
Synechococcus, most of the genes that respond to 
levels of nitrogen-containing metabolites become 
active upon ammonium deprivation in the presence 
of nitrate (Luque et al, 1994). The nblR mutant 
grows normally in medium that contains nitrate as 
the sole nitrogen source. Hence, NblR does not 
prevent the activation of genes encoding nitrate 
transport and assimilation functions. In sum, NblR 
appears to play a pivotal role in regulating some of 
the general stress responses. It is critical for 
integrating different environmental signals with the 
metabolism of the cell (including the activity of the 
photosynthetic apparatus) and is required for viability 
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during starvation and growth in high light. 

Recent experiments demonstrate that in addition 
to NblR, nitrogen metabolites and the regulatory 
element Ntc A (the global regulator of nitrogen meta- 
bolism) influence bleaching and the transcriptional 
activity of nblA (Sauer et al., 1999; Luque et ah, 
200 1 ). Both NblR and Ntc A bind to DNA fragments 
containing the nblA promoter, and an ntcA mutant of 
Synechococcus does not accumulate the nblA 
transcript to the same extent as wild-type cells (Luque 
et al., 2001). These results suggest that both nutrient- 
specific and more general regulatory elements may 
work in conjunction to modulate responses of cyano- 
bacteria to nutrient limitation. 

The most recent nonbleaching mutant that we 
have isolated is designated nblS (van Waasbergen et 
al., 2002). Like nblR, the nblS mutant is sensitive to 
high light and nutrient limitation and cannot properly 
activate nblA. The nblS mutant is also unable to 
activate hliA (a gene that encodes a protein of 
unknown function with similarity to the chlorophyll- 
a/b binding proteins of vascular plants), psbA2 and 
psbA3 (genes encoding a D1 subunit of PSII that 
functions under high light conditions) during 
exposure of Synechococcus cells to high light or 
blue/UV-A light. Finally, the nblS mutant cannot 
downregulate psbAl and cpcBA during exposure to 
high light and blue/UV-A light. 

The nblS gene encodes a sensor histidine kinase 
that is typical of bacterial two component regulatory 
systems. Since NblS controls nutrient stress 
responses, like NblR, we assume that NblS and NblR 
constitute a sensor-response regulator pair, although 
this has not been proven. Interestingly, the expression 
of hliA and other genes controlled by light intensity 
is not under the control of nblR, demonstrating that 
NblS also controls regulatory pathways that are 
distinct from those controlled by NblR. These results 
suggest that NblS may interact with multiple response 
regulators and that it may serve as a global regulator 
of cellular processes when the cells experience 
conditions that severely retard cell growth. 

The NblS protein has two predicted amino-terminal 
membrane spanning domains followed by a region 
bearing a PAS domain. The PAS domain often binds 
a prosthetic group and may be involved in controlling 
the responses of cells to redox, reactive oxygen 
species or light. The PAS domain of NblS is most 
similar to the PAS domain of FixL of Rhizobium. The 
FixL PAS domain binds a heme prosthetic group, 
which is involved in sensing the oxygen status of the 



environment (Gilles-Gonzalez et al., 1991, 1994). 
However, PAS domains of other proteins may bind to 
prosthetic groups such as FMN, FAD or hydroxy- 
cinnamic acid and respond to both light conditions 
and the redox state of the cell (Taylor and Zhulin, 

1 999). Experiments using inhibitors of photosynthetic 
electron transport suggest that NblS may be sensing 
the extent of reduction of specific electron carriers 
(perhaps through a redox active cofactor bound to 
the PAS domain). This postulated mode of action of 
NblS could explain how a single sensor protein could 
integrate a number of different environmental 
conditions. It also suggests that NblS may have a 
global regulatory role that tunes the metabolic 
processes in the cell with the utilization of products 
generated by the photosynthetic electron transport 
system (van Waasbergen etal., 2002). Other regulators 
that respond to redox conditions (Alfonso et al 1999; 
Li and Sherman, 2000) and/or the generation of 
oxygen radicals are likely to serve in the overall 
tailoring of cellular metabolism to the potential for 
cell growth. 

C. Model for Control by Nutrient Deprivation 

A model that describes the control of PBS levels 
during nutrient limitation is presented in Fig. 5. In 
this model the NblS protein integrates nutrient stress 
conditions and high light to activate acclimation 
responses, which includes the degradation of the 
PBS, activation of the nblA, hliA,psbA2 and psbA3 
genes, and depression of activity of the psbAl and 
cpcBA genes. We do not yet know whether NblS is 
critical for regulating transcript levels of other genes 
that rapidly respond to changes in light conditions. 
The signal that NblS senses may be the redox state of 
the cell. Recently, it has been suggested that both the 
psbA and psaE genes in cyanobacteria are controlled 
by the redox state of components of the photosynthetic 
apparatus (Bissati and Kirilovsky, 2001). During 
nutrient limitation, as cells tend to generate reduced 
photosynthetic electron carriers such as the cyto- 
chrome /?6/complex(Fujita etal., 1987, 1994; Durn- 
ford and Falkowski, 1997), NblS initiates a phos- 
phorylation cascade in which NblR is activated. 
NblR turns on the nblA gene, and the NblA poly- 
peptide works in conjunction with NblB (which is 
constitutive ly expressed) to degrade the PBS. NblR 
must also activate other processes in the cell (e.g. 
modification of the photosynthetic apparatus) that 
favor survival during nutrient stress (and high light 
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Fig. 5. NblS and regulatory networks that control nutrient stress and high light responses. NblS appears to integrate diverse environmental 
conditions, possibly through sensing the redox state of the cell. NblS probably interacts with NblR to control nutrient stress responses 
while the control of the genes activated in high light are likely controlled by a second response regulator (RR) that is signaled by NblS. 
NblS also mediates the blue/UV-A light response; this may be the result of the direct absorption of light by NblS (via a chromophore 
bound to the PAS domain) or may be indirect and require a specific blue light photoreceptor. 



conditions). NblS appears also to be involved in 
providing the cell with an advantage during high 
light exposure by modulating the activity of various 
genes. The finding that the activation of hliA, psbAl 
and psbA3 does not require NblR suggests that NblS 
interacts with at least one additional response regu- 
lator that has not yet been identified. 

One of the major questions remaining is how may 
NblS be sensing the redox state of the cell. During 
nutrient limitation, when the anabolism of the cell is 
slowed down or completely arrested, NADPH, the 
reductant generated by photosynthetic electron 
transport, is not recycled as fast as under nutrient- 
replete conditions and the photosynthetic electron 
carriers are maintained in a relatively reduced state. 
Similarly, under high light conditions the electron 
carriers may be reduced faster than they are re- 
oxidized. Thus, both nutrient limitation and high 
light conditions would result in the absorption of 
excess light energy by the photosynthetic pigments 
of the cells and the overall environment of the cell 
would become more reduced. The redox state of the 
photosynthetic electron carriers is known to modulate 
cellular transcription (Escoubas et al., 1995), 
translation (Kim and Mayfield, 1 997), state transitions 
and changes in the stoichiometry of the photosystems 
(Fujita et al., 1994; Keren and Oha4 1998). The 
possibility that NblS/NblR control is linked to the 



redox state of photosynthetic electron carriers is 
supported by the finding that light is required for 
degradation of the PBS during nutrient limitation. 
Furthermore both DCMU, which prevents photo- 
synthetic electron flow beyond Q^, and DBMIB, 
which inhibits electron flow through the cytochrome 
b^f complex, alter PBS degradation and the 
accumulation of nblA mRNA during sulfur and 
nitrogen stress (van Waasbergen and Grossman, 
unpublished). Interestingly, upon treatment of 
Synechococcus with cyanide (which inhibits both 
respiration and photosynthetic electron flow at 
plastocyanin), hliA is activated in low light. Similarly, 
in a PSI mutant of Synechocystis PCC 6803, there is 
elevated expression of the hliA genes, even in 
moderate light (Vermaas, personal communication). 
These results suggest that hyper-reduction of an 
electron transport carrier prior to Photosystem I is 
required for proper acclimation during high light and 
nutrient limitation responses. Additional experi- 
mentation is required to precisely define redox 
elements that directly interact with NblS. 

Factors in addition to the redox state of the 
photosynthetic apparatus may also be important for 
tuning the activity of NblS. For example, NblS control 
favors the pathway that leads to PBS degradation 
during nutrient limitation, while in high light the 
system is biased toward the activation of hliA,psbA2 
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and psbA3. These genes can also be activated by low 
level blue/UV-A light; this blueAJV-A response is 
under the control of NblS (van Waasbergen et al., 
2002). If NblS binds a flavin, as preliminary data 
suggests (van Waasbergen, Christie, Briggs and 
Grossman, unpublished), it may act as a blue/UV-A 
photoreceptor as well as a redox sensor. At this point 
there are a number of aspects of this model that are 
speculative, however it represents an attractive 
unifying theory that predicts global metabolic effects 
in response to the redox status of the photosynthetic 
electron transport chain and the specific light 
environment in which the cells are growing. 

VI. Concluding Remarks 

The structure and functions of LHCs in a number of 
the different photosynthetic prokaryotes and 
eukaryotes are being elucidated. As structural aspects 
of the LHCs become more define4 investigators are 
devoting some of their efforts to understanding the 
dynamics of the LHCs with respect to environmental 
conditions and the way in which these dynamics are 
regulated. Nutrient levels, light levels and the specific 
wavelengths of light can all modulate the composition 
and function of the LHC to maximize efficient 
utilization of light energy during limited or 
wavelength-biased irradiance and minimize damage 
when the absorption of light energy exceeds its 
utilization. Our current model integrates the 
biosynthesis of PBS with light quality, light intensity 
and redox conditions. As our understanding of the 
dynamics and control of the LHC and photosynthetic 
function increases, there are possibilities for using 
molecular technologies to engineer the photosynthetic 
apparatus for better performance under specific 
environmental conditions, which can have significant 
social and economic impact. 
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caloxanthin 39, 57 
Camellia japonica 376 
canthaxanthin 39, 57 
carbon assimilation 404 
carbon reduction cycle 205 
carotene 

a-carotene 39, 56, 61, 313 
a, e-carotene 61 

all-Fa/i6'-ftj6'-carotenes 32, 67, 235 
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jS-carotene 39, 56, 204, 234-235, 265, 268, 274, 311, 313, 
316, 430 

jO,jO-carotene 33, 57, 65 
9-cw-/3,/3- 67 
jS, e-carotene 57 
P, i//-earotene 57,61 
e-carotene 39 
f-carotene 39 

carotenoid 30, 31, 56-67, 144, 181-182, 184, 200, 265-266, 
406, 439 
absorption 181 
allenic 60, 65 
all-trans 32, 67, 235 
analysis 63 

biosynthesis 60-63, 142, 145, 200 
cis/trans isomerizations 67 
conformational flexibility 66, 67 
end groups 56 
epoxides 33, 68 
excited states 32,61,66 
glyeosylation 63 
green bacteria 60 
HPLC 69 

internal conversion 65 
isomerization 67 
modification 61, 63 
nomenclature 60 
occurrence 39-40 
oxygenated 33 
photoprotection 31-33 
photosystem I 265-269, 274 
purple bacterial LH2 181-184 
radiationless deexcitation 66 
solubility 63 
spectroscopy 63-67 

Sq to $2 transition 65-67 
S, fluorescence 66 
S, -state 61 
substituent effects 65 
stereochemistry 56, 63 
structures 56-59 
triplet state 3 1 , 6 1 , 65, 67 
carotenoid glucoside 200 
Cbr 410 

CD See circular dichroism 
Cd chlorophyll 40 
cell-sorting 71 
Ceramium tenuicorne 3 1 8 
chaos 358 

charge separation 69, 236, 239, 242, 273 
rate of 242, 243 
transfer-to-the-trap-limited 239 
charge stabilization 236, 239 
charge-coupled device (CCD) cameras 392 
charge-transfer transitions 86, 1 1 5 
chemolithotrophs 132 
Chi See chlorophyll 
Chi a^. See divinyl Chi a (Chi 
Chi b^. See divinyl Chi b (Chi 



Chlamydomonas 20, 22, 151, 314, 385, 387, 391-392, 407, 
414, 435,437, 440, 442 
mutants 387, 440 
Chlorarachnion 16, 155 
chlorarachniophytes 14, 17, 38 
Chlorella 410,436,439 
chlorina f2 barley mutant 4 1 5 
chlorins 34, 36 
ehlorobactene 39 

chlorobactene, 1 '-hydroxy, acyl-glucosyl 57 
Chlorobiaeeae 6, 7, 10, 38, 60, 61, 134, 156, 157, 159, 196- 
217 

Chlorobium 10, 137, 143, 156, 196-197, 199-200 
chlorophyll 199-200 
Chlorobium limicola 200 
Chlorobium phaeobacteroides 200, 205 
Chlorobium tepidum 197-200, 205, 208, 209 
chlorobiumquinone 205, 207 

Chloroflexaceae 6, 7, 10, 38, 61, 131, 134, 156-157, 159, 196 
Chloroflexus 10, 134, 143, 156, 196-197, 199-200,202,205 
Chlorophyceae (Chlorophyta) 38 See also algae, chlorophyte 
algae 

chlorophyll (Chi) 30, 34-48, 70, 223 
absorption spectrum 47, 236, 271 
accessory 143-144, 236-237 
aggregation 33 
analysis 67-69 
eonnecting 239 
double-bond isomerization 46 
electronie structure 3 
13^ (S)-epimers 42 
esterifying alcohols 35 
fluorescence 42, 100 

PAM fluorimetry 373-399 
photosystem I 269-275 
photosytem II 236, 238-240, 432-434 
video imaging 392 
Hg chlorophyll 40 
ligation 365 

long-wavelength 262-263, 269-270, 271, 272, 275 

metal exchange 38-39,41-42 

occurrence 34, 40-41 

Pb chlorophyll 40 

peripheral 236 

porphyrin-type 37 

propionic acid side-chain 35 

red 262-263,269-271,275 

structure 36-37 

synthesis 42-46, 142-144, 364-367 
triplet states 274 

chlorophyll a 34, 38, 41, 47, 144, 231, 31 1-312, 315 
absorption bands 3 
binding sites 314 
Chi a' 42 
dimers 264-265 
oxygenase 45, 143 

chlorophyll a oxygenase/dehydratase 45 
chlorophyll a to P^^^ ratio 428 
chlorophyll a/b antenna 8, 20, 222-233, 438^40 
prochlorophyte 8, 13, 146-147 
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proteins 150-154 

chlorophyll a/c antenna 9, 20, 150-154, 328-333, 339-347 
cryptophyte 150-154, 330-339 
dinoflagellate 153, 339-347 
haptophyte 151-153, 328-333 
heterokont 151-154, 328-333 
proteins 20, 150-154 
chlorophyll b 35, 38, 41, 143, 144, 231 
chlorophyll biosynthesis 42^6 
evolution of 142-144 
feedback regulation 43 

chlorophyll c 35, 37, 45, 142, 144, 315, 324-348 
Chic, 38,41 
Chi c^ 38 
Chlc3 38,41 
cryptophytes 144 
galactolipid 35 

chlorophyll d 12, 13, 35, 38, 41, 283, 312 
Chid' 42 

chlorophyll synthase 45, 366 
chlorophyll-chlorophyll interactions 33 
chlorophyllide a 13, 16, 37, 142, 365 
chlorophyte (green) alga 17-21, 151-155, 436^42 
chloroplast 14-23 

development 354-367,415 

envelope 14-16, 19 

evolution of 14, 17, 130, 143-144 

genome 14-15 

higher plant 19,21 

Sec pathway 357 

SRP pathway 357 

Tate 358 

ultrastructure 18-21 
chloroplastic signal 416 
chloroquinone 30 

chlorosome 6, 8-10, 33, 36, 54, 156, 159, 195-196, 201 
baseplate 10,198,202-204 
proteins 202 

chloroxanthin dehydrogenase 63 
chloroxanthin synthase 63 
Chromatiaceae 61 
Chromatium 43 
Chromatium minutissimum 11 A 
Chromatium purpuratum 1 7 3 
Chromatium tepidum 171 
Chromatium vinosum 5, 171, 173 
chromatography 
Cu ^^-affinity 235 
pigment 69 

chromophore 1 1, 86, 298-300. See also bacteriochlorophyll, 
carotenoids, chlorophyll, phycobilins 
binding pocket, site-directed mutagenesis 70 
binding site 485 
biosynthetic cost 53-54 
chemical modification 70 
configurations 298 
exchange 70 

chromophytes 35. See also algae 
chromoplasts 60 
Chrysophyceae 38 



circular dichroism 86-90, 95, 99, 177-178, 180, 208, 228, 
273, 329, 332, 336 
spectra 337, 342-343 
circularly polarized light 86, 93, 95 
9-cw-j0,jS-carotene 67 
c/.y-band, carotenoid 65 
cw-carotenoids 65, 67 
cw-neoxanthin 67 
cz5'-phytoene 67 
13-cz.s-rhodopinal 61 
cis/trans isomerizations 
carotenoid 61 
clouds 428 
Co-tetrapyrrole 43 
CO 2 assimilation 
quantum yield 389 
coherence 105 

coherent nuclear motions 1 85 
cold acclimation 416 
common ancestor 
photosystems 157 

complementary chromatic adaptation 316, 473-481, 476 
model 481-482 
mutants 477-481 

phycobiliprotein gene promoters 476-477 
complex function 106 

configuration interaction 67, 89, 90-91, 104 
confocal microscopy 2 1 
conformation 
bilin 54, 55 
carotenoid 66-67 
LHCII 384 
mobility 54 

conjugation system length 

absorption maximum 3^, 6 1 , 65-66 
protective functions 6 1 
connecting chlorophyll 239 
conservative sorting 356 
convergent evolution 149 
conversion 
internal 103 

coproporphyrinogen III oxidative decarboxylase 44 
core antenna 8-9, 35 
3-D structures of 145 
evolution of 157-159 
core complex 145 

family 8, 137, 145-146 
PS II 238, 240, 243 
Coulomb interaction 301 
Coulombic coupling 344 
coupling strength 96 
CP24 22, 233, 240 
reconstituted 233 
CP26 22-23, 151,221,232,240 
reconstituted 232 
CP29 22-23,63, 151,231,240 
CP43 6, 8, 13, 146-147, 159, 234, 283, 309, 414 
CP43' 13,147,414 
CP47 6, 8, 13, 146, 159, 234, 283, 309 
cpcBlAl 475 
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cpcB2A2 475 
cpcB3A3 475 
cpcD2 475 
CpcE 484 
cpcE 475, 485 
CpcF 484 
cpcF 475, 485 
cpcH2 475 
cpcI2 475 
cpeBA 476 
cpeCDE 476 
476 
cpeZ 476 
cpFtsY 362 
cpOxalp 358, 362 
cpSecA 358 
cpSecE 358 
cpSecY 358 
cpSRP pathway 361 
cpSRP43 358, 362 
cpSRP54 358, 362 
cpTatC 358,361 
crocoxanthin 39, 57 
Chroomonas sp. See Rhodomonas sp. 
cross section 270, 429-432 
absorption 23, 30, 85, 429 
back-scattering 426, 429-432, 442 
cryptochrome 416 
Cryptomonas 326 

Cryptomonas O (phi) See Guillardia theta 
Cryptomonas maculata 337 
Cryptomonas rufescens 337, 339 
cryptophycean phycoerythrin 297 
cryptophyte (Cryptophyta) 14, 17, 18, 20, 38, 48-50, 144, 
151,282-283,297, 326 
nucleomorph 14, 17, 151 
cryptoviolin 284 
cryptoxanthin 39 
crystal structure 
LH2 174, 175 

LHCII 151-152, 221,223-224 
phycobiliprotein 293 
PSI 255-266 
PS II 234-236 
CsmA 202-203 
CsmB 202 
CsmC 202 
CsmD 202 
CsmE 202 
CsmF 202 
CsmH 202 
CsmI 202 
CsmJ 202 
CsmM 202 
CsmN 202 
CsmX 202, 203 
Cu 

chlorophyll 40 
prospecting 42 

Cu^*^ -aflfinity chromatography 235 



Cucurbita pepo L. 406 
Cyanelles 38 

Cyanidium See also Galdieria 
Cyanidium caldarium 39, 50, 295, 308-309 
cyanobacteria 6-9, 11-14, 34, 46, 48, 50, 131, 134, 143-145, 
148-149, 282-302, 408, 410, 439 
2-methylhopanoids 132 
antenna systems 282-302 
carotenoids 39-40, 57-560 
chromophores 38^1 
evolution of 157-159 
light harvesting regulation 472-488 
phycobilins 38, 48-56 
phycobilisomes 12,309-310 
Cyanobacteriaceae See cyanobacteria 
Cyanophora 308,313,318 
Cyanophora paradoxa 48, 3 10, 3 14 
Cyanophyta See also cyanobacteria 
Cyanophyta 138 
Cyanophyta II 38 
cyclic electron transport 405 
cyclization 

carotenoids 60-62 
Chi or Bchl precursors 43-45 
Cyclotella 154,326,330,331 
Cylindrotheca 326 
cysteine 

phycobilin-protein ligation 49, 50 
cytochrome 86 
cytochrome h-539 235, 236 
cytochrome b^f 21, 70, 405, 435, 440 
cytochrome c oxidation 206 
cytochrome 254, 258 

D 

ApH 

across the thylakoid membrane 384 
persistent 388 
ApH gradient 438 

ApH-dependent/Tat pathway 357,361 
A2,6-phytadienol 42 
D1 protein 9, 235,309,379,387 
integration 363 
D1/D2 407 

D2 protein 9, 235, 309, 407 

dark-decay of variable fluorescence 377 

DBMIB 416,435,439 

DCCD 231 

DCMU 416,433,439 

de-epoxidase 

violaxanthin 384, 406, 437 
decay kinetics 274 
decay-associated spectra 272 
7',8'-dehydro-spheroidene (12 cdb) 65 
Deinococcus/Thermus 134 
deletions 139 
delivery term 243 

deoxyxylulose 5 -phosphate (DOXP) pathway 60, 62, 144-145 
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depolarization 
fluorescence 182 

Dexter mechanism 31-32, 66, 1 10-1 11, 274, 301 
diadinochrome 57 

diadinoxanthin 32, 39, 57, 63, 316, 325-326, 332, 346, 437 

diapo-carotene-dioate, di-(acyl-glucosyl) 57 

diapo-carotenes 60 

diapo-neurosporene 39, 57 

diapocarotenoate 39 

diapophytoene 60 

diatoms 38 

diatoxanthin 32, 39, 58, 437 

2.6- dichlorophenolindophenol 338 
Dictyota 326, 329 

diel cycle 428 
dielectric screening 109 
differential gene expression 438 
digitonin 327 

r,2 '-dihydro-3 ',4 '-dehydro-spheroidene (13 cdb) 65 
5 ' ,6 ' -dihydro-7 ' , 8 ' -dehydro-spheroidene 65 
15,16-dihydrobiliverdin 49-51, 53, 334-336 

15.6- dihydrobiliverdin 50 

1 ,2-dihydroneurosporene 32,58 
dimethylallyl-pyrophosphate 60, 63 

dinoflagellates (Dinophyta) 14, 17-18, 20, 38, 48, 56, 156, 326 
dinoxanthin 58 
diode-array 
HPLC 69 

dipolar coupling 66 

dipole strength 92,98, 104, 116-117, 121 
dipole-dipole coupling 108-1 10, 301, 302, 337, 344 
disorder 176-177, 184 
intrinsic 236 

dissipation of excess energy 69, 224 
distal antennas 6-12 
diterpenes 60 

divinyl Chi a (Chi 13 
divinyl Chi 6 (Chi 13 

divinyl pigments. See 8-vinyl pigments 
DnaK 462 

dodecyl-^,D-maltoside 235 
dot product 1 06 

DOXP pathway See deoxyxylulose 5 -phosphate 144 

drought 406 

Dunaliella 67, 409 

Dunaliella bardawil 32 

Dunaliella salina 409-410 

Dunaliella tertiolecta 410, 425, 438^39 

E 

£-carotene 39 
6', e' -carotene 57 
e-cyclase 61,63 
e-oxygenase 63 

early light-inducible proteins (ELIPs) 150-152, 155, 221, 233, 
363,410,415 
echinenone 39, 58 
Ectothiorhodospira halochloris 156 



eigenfunction 106, 124 
eigenvalue 106 
electric field 92 
electrochromic shift 66 

electromagnetic radiation 92-95, 103, 107, 116-117 
electron carrier 254, 258 
electron crystallography 151, 172, 221, 223 
electron exchange 31-32, 274 
energy transfer 66 
interaction 301 
electron microscopy 
freeze-fracture 11,13 
immuno-gold labeling 202 
transmission 19 

electron transfer 33, 41, 69, 71, 254-255, 257-260 
rate 441 

electron transport 
bacteria 6-8 
cyclic 405 
PS Il-driven 391 

electron transport chain 6-8, 255, 257, 259-260, 262 
electrostatic fields 298 
ELIPs. See early light-induced proteins 
Emerson- Arnold number 432 
Emiliania 2>1, 326 
endoplasmic reticulum (ER) 14,16 
endosymbiosis 1 1,155,353 
primary 14-15, 137 
secondary 14, 16, 138 

energy See also absorption, fluorescence, spectroscopy 
absorption 403 
density 94 

dissipation 63, 69, 224 
distribution 318-319,386 
quenching 402, 406 
utilization 403 

energy transfer 5, 18, 30, 42, 47, 66-67, 69, 71, 207, 209-210, 
236, 262, 265, 270-275, 291, 301-302 
carotenoid to BChl 210 
Chi Z? to Chi a 229 
diffusion-limited 243 
dynamics 235 

electron exchange 31-32, 66 
Forster 108-1 10, 242, 302, 344 
kinetics 271 

resonance 100,101,108-111,119 
triplet-triplet 274 
xanthophyll to Chi 228 
energy-dependent quenching 382, 383, 406 
energy-gap law 1 03 
envelope 

chloroplast 14,16,364 
chlorosome proteins 202 
epimers 
BChl 36 
epoxidase 

zeaxanthin 384, 406, 437 
epoxidation 
zeaxanthin 63 
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epoxidation state 4 1 5 
epoxidation-deepoxidation cycles 32 
epoxide 

carotenoid 33, 68 
EPS See epoxidation state 
equilibration 230, 242 
Erwinia herbicola 63 
Erythrobacter sp. 63 
erythroxanthin 39, 63 
erythroxanthin-sulfate 58 
Escherichia coli 137, 231 
Tate 358 

3-ethylidene bilins 48 
etiolated seedlings 415 

eubacteria 6-13,133-134 .See bacteria, prokaryotes 
Euglena 155 

euglenoids (Euglenophyta) 14, 17, 38 
eukaryotic algae 14-20, 150-154, 297, 308-319, 328-339, 
437^42 

photoacclimation 424-443 
Euonymus kiautschovicus 411 
Eustigmatophyceae 38, 144, 328 
evolution 132-160 
atmosphere 132 
chloroplast 14-22 
convergent 149 

heterodimerization of RC proteins 159 
light-harvesting 14-22, 130-160 
PsaC 257 
rate variation 140 
very early 131 
evolutionary distances 140 
exchange coupling 31-32, 66, 110-111, 274, 301 
excitation energy 270 
acceptor 272 

dissipation of excess 69, 224 
distribution of 272, 386 
thermal dissipation 383 
transfer 65, 274 
trapping of 242-245 
excitation pressure 404, 408, 432 
excited state 6 1 , 66, 7 1 , 242, 27 1 
carotenoid 32, 66 
dynamics 61,66,71,242,271 
energy 7 1 

exciton 88,90,95-100,302 
calculation 177 

coupling 30, 48, 71, 95, 208, 262, 263, 265, 271, 273 
carotenoid 66 
delocalization 42 
hopping 187 
interactions 95, 104,271 
short-circuit 242 
theory 176 

exciton/radical pair equilibrium model 242 
expectation value 107,123-124 
extended dipole approximation 27 1 
extinction coefficient 53, 85, 295, 301 
bilins 41,69 
carotenoids 57-59 



Chi and BChl 41 
extraction 

of pigments 68 
extrinsic antenna 6, 9 

F 

F430 43, 55 
F685 238 
F695 235,238 
F^ 255-257, 260 
farnesol ester 42 
farnesyl pyrophosphate 60 

fast repetition rate fluorescence (FRRF) technique 432-434 
Fg 255-257, 260 

FCP See fucoxanthin-Chl a/c protein 
Fe 

deficiency 413 
limitation 132, 147, 160 
porphyrins 4, 50 

femtosecond transient absorption 229 
Fenna-Mathews-Olson protein (FMO) 6,9-10, 156, 196, 198, 
204, 207-209 

ferredoxin 46, 50, 205, 254, 256-257, 260, 416 

ferredoxin-NADP reductase (FNR) 257 

ferrochelatase 43, 44 

FeS centers 203, 255-257, 259-260 

ffc 358 

Fischerella 147 
first passage time 244 
flavodoxin 254, 257 
flicker effect 428 
fluctuation density scattering 426 
fluorescence 95, 100-101, 109, 116-117, 119,242,405 
77K 378, 386, 387 
anisotropy 103-105, 105, 120 
bilin 56 

depolarization 182,202,337 

emission 5, 93 

excitation 344, 346, 348 

fast repetition rate (FRRF) 432-434 

induction effect 272 

initial 375 

lifetime 100-101, 103, 109, 116, 117,272 

line-narrowing 232 

non-modulated 374, 376 

polarization 182,202,292,337 

PS I 269-275, 376 

PS II 236, 238-240 

Pulse amplitude modulated (PAM) 373-392 

quenching 206, 379-388, 436 

recovery 

photobleaching 13 
single-cell 67 
spectra 4, 338 

spectroscopy 4, 66, 100-101, 291 
spontaneous 116, 119 
time-resolved 118-119, 229, 344 
upconversion 1 19, 229, 344 
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variable 376-378 
dark-decay of 377 
rise of 377 

yield 56, 100-101, 103, 109, 117,272 
fluorometer 

pulse amplitude modulation 374 
F 379,433 

FMO. See Fenna-Mathews-Olson protein 
FNR. See ferredoxin-NADP reductase; fumarate-nitrate 
regulator 
food dyes 6 1 

forbidden transition 54,63,66,122 
7-formyl reductase 45 
Forster radius 110 

Forster theory 30, 176, 108-110, 242, 301, 302, 337, 344 
fossil 

microorganisms 131 
four-orbital model 46 
Franck-Condon factor 109, 114 
freeze-fracture electron microscopy 11,13 
freezing tolerance 413,416 
Fremyella diplosiphon 295,473-481 
FRRF See fast repetition rate fluorescence technique 
FtsY 362 

fucoxanthin 20, 39, 56, 58, 61, 66, 314-316, 324-326, 330- 
331,348 

fucoxanthin, 19'-butanoyloxy 58 
fucoxanthin, 4-keto-19'-hexanoyloxy 58 
fucoxanthin Chi a/c protein (FCP) 326-332 
spectroscopy 329-330 
protein sequences 330-332 
Fucus 326 

fumarate-nitrate regulator (FNR) 457 

functional absorption cross-sectional area 403 

functional groups 7 1 

fiinneling 209 

F^ 379,433 

F^ 255-257, 260 

G 

y-carotene 39, 56 

1 '-hydroxy, acyl-glucosyl 57 
4-keto 57 
y-subunit 286 
Galdieria monilis 297 
Galdieria pacifica 3 1 0 

Galdieria sulphuraria 39, 50, 154, 308-310, 313, 315 
gene clusters 141 

duplication 136-137, 143, 148, 156 
expression 331 
family 137 

bilin reductase 145 
globin 288 
loss 136 
paralogous 141 

purple photosynthetic bacteria 452^59 
relocation 138 

transfer in endosymbiosis 14-16 



general protein import apparatus 357 
genetic variation 136 
genome 134 
Arabidopsis 138 
genomics 130 
geranylgeraniol 36 
hydrogenation 46 

geranylgerany 1-pyrophosphate 60, 63 
Giraudyopsis 326,331 
Glaucocystis 308 

glaucocystophyte algae (Glaucophyta) 16,38, 48, 148, 151- 
152, 282-283,290,308,310,313 
globin family 288 
Gloeobacter 12, 290 
glucoside 

carotenoid 60, 63, 200 
glutamate synthase 406 
glutamate- 1 -semialdehyde aminotransferase 44 
glutamic acid 44,331 
glutamine 331 
glutamyl-tRNA 44 
glycine 44 

glycolate oxidase 406 
gold labeling See electron microscopy 202 
Gonyaulax 326,340,341 
Gram-positive bacteria 134 
grana 20-22, 224 
membrane 240 

green algae 16-21, 151-153, 155,434,437-443 
green gap 30, 35, 53 Falko chap 
green photosynthetic bacteria 1 96-2 1 1 

filamentous (nonsulfixr, gliding) 6-8, 134, 155, 196 
sulfur 6-9, 134, 157, 159, 196 
green plant 

chloroplast pigments 38-40 
chloroplast structure 19, 21-23 
chlorophyll synthesis 43-46 
greening 233 
GroEL 462 
growth irradiance 409 
Guillardia theta 138, 155, 326, 338, 339 

H 

H-bonds 178-179 

Hamiltonian 95-96, 107, 114, 121-122, 124 
haptophytes (Haptophyta ) 14, 17-18, 20, 38, 153-154, 326 
harmonic oscillator 101, 114 
Hcfl06 protein 358, 361 
hcfl06 mutant 358,359 
heat stress 377 
heat-shock gene 416 
heavy metal incorporation 
chlorophyll 69 
heavy metals 
stessed 42 

Heliobacillus 143, 157 

Heliobacteriaceae 6, 7, 8, 9, 38, 60, 134, 157, 159 
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Heliobacterium chlorum 10, 42 
Heliothrix 134, 196 
Hematococcus pluvialis 32 
heme 3, 4, 43^4, 51, 53 
electronic structure 3 
excited states 4 
oxygenases 50 
hemoglobin 4-5, 50 
herbaceous winter annuals 412 
herbicides 60,61 

Heterocapsa 326, 339, 341-342, 345-346 
heterokont algae (Heterokonta ) 14, 17-21, 56, 153,154, 326, 
328-333 

Heterosigma akashiwo 19, 154, 326, 330 
heteroxanthin 39, 58, 326, 332 
hexapyrrole 43 
Hg chlorophyll 40 
high Chi fluorescence 
mutants 391 

high hydrostatic pressure 1 80 
high light 405, 487-488 
high temperature 407 

high light-induced proteins (Hlips) 151, 155, 283 

high-resolution spectroscopy 70 

higher plant See green plant 

Hlips. See high light-induced proteins 

hole burning 115-116 

homogeneous broadening 1 1 5 

hopping 271 

Hordeum vulgare 382, 391 

horizontal gene transfer. See lateral gene transfer 

HPLC 69 

hydrogen peroxide 159 
hydrostatic pressure 
high 180 

hydroxyl radical 33 
hydroxymethylbilane 43, 44 

I 

I-P phase 377 

IHF. See integration host factor (IHF) 
illumination 

intermittent 383,385,415 
in vitro protein import 354 
incident spectral irradiance 430 
indels 136, 139 
induced dichroism 104 
infrared spectroscopy 94, 101-102, 108, 114 
inhomogeneous broadening 115, 187, 235 
inhomogeneous distribution 238 
initial fluorescence 375 
quenching of 385 
initial slope 

photosynthesis-irradiance curve 432 
integration host factor (IHF) 457 
interaction 

pigment-pigment 71 



intermittent light grown plants 385, 415 
pea 383 

internal conversion 31,42, 100, 103,242 
carotenoid 65 

intersystem crossing 32, 100, 103, 112,242,274 
intersystem electron carriers 7, 405 
intracytoplasmic membrane 
cyanobacteria 196 
purple bacteria 1 1 
invariant sites 143 

iron-sulfur (FeS) cluster 203, 255-257, 259-260 
irradiance 85, 94, 1 16, 3 16, 410 See also light 
effects 316 
response 410 

IsiA 13, 146, 147, 254, 255, 258, 259, 265 
Isochrysis 326, 330, 346 
isocyclic ring 34, 46 
isomerization 296 
carotenoid 67 
phycoviolobilin 296 
isopentenyl pyrophosphate 60, 63 
isoprenoid quinones 205 
isoprenoids 144 
isorenieratene 39, 58, 61 
isotope labeling 7 1 

J 

J-I phase 377 
Jablonski diagram 1 00 

K 

Kasha’s rule 103 
Kautsky effect 376 
kinetics 

trap-limited 243 
Kronecker delta 242 

L 

L18 362 

La-chlorophyll 40 
labeling 
isotope 71 

Laminaria 326, 329, 330, 410 

lateral gene transfer 16, 130, 134, 137, 144, 157-159, 196 
lateral heterogeneity 20, 330, 342 
lateral segregation 20-22 
Lcm 309-312 
LD. See linear dichroism 
LHl 4, 6, 8, 1 1, 170-188, 450-464 also LHI 
cost 54 

green bacteria (B808-866) 198-199 
modified pigments 70, 155 
size 67 

LH2 4, 6, 8, 1 1, 170-188, 450^64 See also LHII 
cost 54 

crystal structure 174-175 
modified pigments 70, 155 
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LH3 6,8, 11, 155, 170-188 
LhaA 461 

LHC superfamily 4-5, 16, 18-22, 137 
conserved sequence motifs 152 
evolution 150- 155 
phylogenetic trees 153, 327 

LHC I 20, 22, 54, 70, 254-255, 259, 266-270, 283, 309, 311- 
315,274-275 
cryptophyte 337-339 
energy transfer 274-275 
LHCI-680 269, 270 
LHCI-730 270 
polypeptides 311,314 
reconstituted 70, 154 
red algae 19, 309,311,313-315 
LHC II 18-23, 51, 221-230, 270, 309, 384 
acclimation 409^10, 412-414 
connectivity 22 
chromophore cost 54 
crystal structure 18, 223-227 
energy-dependent quenching 384, 436 
energy transfer 225-226, 228-230, 242-245 
minor complexes 230-233, 384 See also CP24, CP26, CP29 
oligomerization 225 
phosphorylation 23, 386, 404-405, 435 
polypeptides 266, 268-270, 318 
PS II supercomplexes 240-242 
reconstituted 70, 226-228 
spectroscopy 228-233 
trimers 22, 230, 409 
Lhc promoter 440 
Lhca polypeptides 266-270, 274 
Lhcal 255, 266, 268-270, 274 
Lhca2 255, 268-270 
Lhca3 255,268-270 
Lhca4 255, 266, 268-270, 274 
Lhca5 268 
Lhca6 268 
Lhcb genes 240 

transcriptional control 438-440 
Lhcb polypeptides 151-154, 240, 403 
genes 111 

Lhcbl 22,222,240,409 
Lhcb2 22, 222, 240, 409 
Lhcb3 22,222,240,409 
Lhcb4 22, 268, 409 
Lhcb5 22,409 
Lhcb6 22,403,409 
Lhcc polypeptides 337-339 
Lhcd polypeptides 339-340, 345-347 
Lhcf polypeptides 326-332 See also fucoxanthin Chi a/c 
protein 

LHI See also LHl 

multilevel regulation 450-464 
mutants 460-46 1 
reconstitution 459-460 
LHII also LH2 

multilevel regulation 450-464 
mutants 46 1 

reconstitution 459-460 450^64 



lifetime broadening 114 
ligation 

autocatalytic 52 
chlorophyll 365 
light 

absorption 3, 23, 30, 85-86, 69, 93, 95, 99, 104, 426, 431, 
442 

circularly polarized 86, 93, 95 
intensity 94 
plane polarized 93, 94 
scattering 426 

light-harvesting antenna 38, 41 See also light-harvesting 
complex 

acclimation 409^14 
algae with Chi c 32A-246 
cyanobacteria 282-302, 472^88 
dynamic alteration 438-440 
evolution 130-160 
green bacteria 1 96-2 1 0 
overview 2-23 

Photosystem I 254-255, 266-270 
Photosystem II 220-233 
purple bacteria 170-188,451-465 
light harvesting complex 

bacterial (anoxygenic) See LHl, LH2, LH3, LHI, LHII 
assembly factors 461-464 
green bacteria (B808-866) 198-199 
purple bacteria 170-188, 451-465 
reconstitution 70, 156,459-460 
eukaryotic (chloroplast) 18-22 See also LHCI, LHCII 
minor complexes See CP24, CP26, CP29 
algae See also fucoxanthin Chi a/c protein (FCP), 
violaxanthin Chi a protein (VCP) 
light harvesting regulation 45 1 . See also acclimation, 
photoacclimation 
cyanobacteria 411-4SS 
light protection 30, 63 
light scattering 93, 384 
light stress 233 

light-dependent phosphorylation 3 1 8 
linear dichroism (LD) 97, 103-105, 120, 202, 208, 225, 329, 
332,337,339 
spectra 342 
linear polyenes 63 

linker polypeptide 149, 290, 294, 297, 298, 311-312, 472 See 
also phycobilisome 
lipid 35, 256 
peroxidation 33 
local dielectric constant 179 
local-field correction 92 

long-wavelength chlorophylls 269-270, 271, 272, 275 

low-frequency oscillation 185,187 

low-temperature fluorescence 269 

lumen targeting domain 356 

lutein 39, 58, 61, 223, 226, 31 1, 313, 316 

lyase 34 

phycocyanobilin 52 
lycopene 39, 58, 60, 65, 67 
lycopene e-cyclase 145 
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M 

Macrocystis 326,330,331 

macrodomain 242 

magnetic transition dipole 87, 89 

Mahonia repens 4 1 1 

Malva neglecta 4 1 1 

Mantoniella 328 

marker 

cell-sorting 71 
pigments 61 
surface mapping 7 1 
Master equation 242 
Mastigocladus 290, 294-296, 302, 335 
matrix 

substitution 139, 140 
maximum likelihood 140, 143 
maximum parsimony 1 3 9 
Mehler reaction 4 1 3 

Membrane See also photosynthetic membrane 
insertion 460, 462 
potential 66 
protein integration 362 
topography 319 
vesicles 364 

mesobiliverdin 49, 50, 52, 334 
Mesotaenium caldariorum 52 
metal 

in porphyrins 33, 38-43, 46, 50, 69 
lifetime of excited state 4 
2-methylhopanoids 
cyanobacteria 132 
mevalonate pathway 144 
Mg 

In chlorophylls 33 
lifetime of excited state 4 
Mg protoporphyrin IX methyltransferase 45 
Mg-[8-vinyl]-protochlorophyllide a 38 
Mg-2,4-divinylpheoporphyrin a^-monomethyl ester 142 
Mg-chelatase 43, 44, 365 
Mg-protoporphyrin IX 43, 416 
Mg^^ transfer 384 
microbial mat 157 
microfossils 131 
microscopy 

atomic force 1 0 
confocal 21 

immuno-gold labeling 202 
scanning transmission electron 10 
transmission electron 19, 202 
mixed binding sites 227 
modified chromophores 70 
module structures 300 
molar absorption coefficient 87, 92 
molar ellipticity 87 
molar extinction coefficients 87, 92 
molecular opportunism 137,154 
monadoxanthin 40, 58 
Monodus 326, 328, 333 



monogalactosyldiglyceride (MGDG) 201, 326 
mRNA 

processing 455, 458 
multimer model 236 
multipole expansion 98 
mutant 

Chlamydomonas reinhardtii 440 
complementary chromatic adaptation 477 
high Chi fluorescence 391 
mutational saturation 140 
myxobactone 40, 58 
myxoxanthophyll 40, 58 

N 

«-dodecyl jS-D-maltoside 327, 332 
N-methyl asparagine 334 
NAD(P)H:plastoquinone oxidoreductase 376, 392 
NADH-ring B oxidoreductase 45 
NADP-malic enzyme type 
C4 plants 378 
species 376 

NADPH-geranylgeranyl oxidoreductase 45 

Nannochloropsis 326, 328, 333 

nblA 484 

nblB 484-485 

nblR 485 

nblSAU 

neighbor-joining 140, 143 
neoxanthin 40, 61, 63, 67, 224, 226, 268, 316 
9-cis 58 

neurosporene 40, 60, 67 
neutron scattering 7 1 
Ni-bacteriochlorophyll 42 
Ni-chlorophyll 40 
Ni-tetrapyrrole 43 
nitrogen assimilation 404, 405 
nitrogen limitation 483 
nitrogenase 46 
nomenclature 
biliprotein 50 
carotenoid 60 

non-modulated fluorescence 374, 376 
non-photochemical quenching (NPQ) 23, 32, 63, 233, 379- 
388, 437, 442 See also quenching 
energy-dependent (qE) 382-387, 406 
photoinhibitory (ql) 382-383, 386-388, 405, 407-408 
state transition (qT) 382-383, 386-387, 404 
non-photosynthetic pigments 430 
nonphotochemical hole burning 1 1 5 
norflurazon 313 
normal modes 102 
Northern blotting 331 
nostoxanthin 40, 58 
npq4-l 402 

nuclear overlap integral 1 1 4 
nuclear wavefunctions 1 1 3 
nuclear-encoded thylakoid proteins 354 
nucleomorph 14, 16 
cryptophyte 1 5 1 
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nutrient deprivation responses 486^88 
nutrient limitation 482 

o 

Q protein 464 
0-J phase 377 
0-K phase 377 
Ochromonas 326 
Odontella 326, 330 
okenone 40, 61 
oleosome 32 
oligomerization 

LHCII 20,225,413 

open-chain tetrapyrroles See bilins, phycobilins 
absorption spectra 53-56 
structures 48-50 
operator 106, 123-124 
optical absorption cross section 442, 427, 429 
orbital overlap 3 1 
orfl62b 463 
orf214 463 
orf428 464 
orientation factor 301 
origin See evolution 
chloroplasts 130 
oscillator strength 92 
oscillatoxanthin 40 
oscillaxanthin 58 
Ostreobium 31 
outgroup 141, 143 
overwintering 4 1 1 
17^ oxidase 

hypothetical 144 
oxidative damage 33, 205 
oxygen 111, 113 

light effects 452, 454, 456-457 
reactive species 33 
quenching 67 
oxygenase 43, 46, 365 
oxygenic photosynthesis 6, 7, 12, 404 
origin of 157-160 

P 

;r-electron systems 3 
P-457 40, 59 
P«o 42,220,236 

255-256, 258-260, 262, 265, 271-274, 309 
absorbance change 390, 392 
PAM fluorometry. See pulse amplitude modulation 
fluorometry 
paralogous genes 141 
parsimony 139, 143 
PAS domain 486 
Pavlova 326, 329, 330 
Pb-chlorophyll 40 
PC See phycocyanin 
PC612 334,337 



PC645 334,337 

Pcb protein (prochlorophyte Chi a/b protein) See 
prochlorophyte 

gene family 13, 147-148,438 
PCB See phycocyanobilin 
3E-PCB 51 
3Z-PCB 51 

PChlide a. See protochlorophyllide a 
PCR See peridinin-chlorophyll a protein 
PE See phycoerythrin 
PE545 334,336 
PE555 337 
PE566 338 
PE-lyase 52 

PEB See phycoerythrobilin 
3E-PEB 51 
3Z-PEB 51 
peptide 
signal 356 

peridinin 40, 59-61, 64-65, 67, 315, 324-326, 339-340, 343, 
345-346, 348, 409 

peridinin-chlorophyll a protein (PCP) 12, 20, 35, 56, 66, 70, 
156, 325, 339-340, 344-345 
peripheral chlorophylls 236 
periplastid membrane 14, 16 
periplastid space 14 
peroxidation 
lipid 33 
pH 

thylakoid 406 
Phaeodactylum 326, 330 
Pheophyceae 38 
pheophytin a 34, 36, 42 
phonon-induced relaxation 176 
phosphatase 440 
phosphatidylglycerol 4 1 3 
phosphoglycerate 406 
phosphoglycolate 406 
phosphorelay 
control 481 

phosphorus limitation 482, 483 
phosphorylation 23, 223, 318, 386, 455-456, 464 
LHCII 23, 386 
light-dependent 318 
photo-oxidative damage 405 
photoacclimation See also acclimation 
cyanobacteria 473-482 
eukaryotic algae 3 1 5-3 1 8, 424-443 
plants 387-388, 402-416 
photoadaptation 425 
photobleaching 13 

fluorescence recovery 1 3 
photochemical hole burning 1 1 5 
photochemical quenching (qP) 379-381, 388-389 
photoconversion 415 
photodamage 270, 405, 408 
photoinhibition 318, 378, 382, 386, 405 
photoisomerization 

open-chain tetrapyrroles 54 
photon 95 
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counter 408 
echo 184,185,229 
echo peak shift 
three-pulse 229 

photoprotection 60, 18, 31-33, 63, 226, 266, 406 

photoreceptor 416 

photorespiration 389, 391, 404 

photoselection 48, 104 

photostasis 402-417 

photosynthesis 

capacity 42, 414, 432 
efficiency of 3 1, 404 
evolution of 157-160 
optimal quantum yield 379 
oxygenic 6, 7, 12 404 
quantum yield 382, 442 
redox control 386 
photosynthesis-irradiance curve 429 
initial slope 432 
photosynthetic membrane 6 
bacteria 10-12 
chloroplast 18-22 
photosynthetic rate 
maximum 432 
photosynthetic unit size 409 
photosystem densities 3 1 7 
photosystem 

common ancestor 157 
FeS-type 7-8 
Q-type 7-8 

Photosystem I (PS I) 42, 254-275, 308-309, 313-315, 
317-318 

fluorescence 376 
origin 159 
PS 1-200 268 
PS I-like 

reaction centers 135 
quantum efficiency 390 

Photosystem I / Photosystem II stoichiometry 3 1 6 
Photosystem II (PS II) 220-242, 282, 317, 378, 432-438 
core complex 231, 234, 237-241, 243 
cross-section 429-432 
electron transport 7, 391 
energy trapping 242-245 
LHC II 222-230 
membrane 243 
origin 157-160 
photoinhibition 386 
potential quantum efficiency 378 
proteins and genes 221-222 
PSII-L 238 

PSII-LHCII complexes 233 

PS II-LHCII supercomplexes 22, 240-241, 243 

PS Il-like 

reaction centers 135 
PSII-S protein 233 
quantum efficiency 388 
reaction center 235-243, 440 
repair cycle 377 
photosynthetic unit size 42, 409 



phototoxicity 43, 56 
photovoltage experiment 242 

phycobilins 6, 12, 30, 44, 48-56, 283, 286-287 See also bilin 
chromophores 
analysis 68-70 
biosynthesis 50-53, 142, 145 
conformation 49, 54, 55 
covalent linkage 49, 50 
doubly linked 52 
extinction coefficient 41,57-59 
spectroscopy 50, 53-59, 69 

phycobiliprotein 17,48-56, 137, 148-150,282-284,287-288, 
292, 297, 324, 333, 472 
absorption spectra 287 
a and jS subunits 310 
biosynthesis 482-488 
chromophore lyase 485 
cryptophyte 150, 333 
crystal structure 150,288,293-297 
denatured 53-54 
folding energy 34 
fluorescence 287 
gene promotors 476 
nomenclature 50 
phylogenetic tree 149 

phycobilisome 6, 12, 17, 18, 33-34, 48-50, 52, 143, 148- 
149, 254, 258, 274, 282, 290, 403, 472-488 
anchor polypeptide 288, 291-292, 473 
biosynthesis 482-488 
degradation 482, 483-484 
high light responses 487^88 
linkers 311 

nutrient deprivation 486-488 
regulatory components 474 
structure 309, 472-474 
phycobiliviolin 284 

phycocyanin (PC) 12, 38, 54, 148-149, 284, 295, 308-309, 
312,333-337 

phycocyanobilin 41, 48-49, 54-55, 284, 310, 334, 485 
phycoerythrin (PE) 12, 38, 54, 148, 149, 284, 296, 308-310, 
312,333,336, 485 
Prochlorococcus 150 

phycoerythrobilin (PEB) 41, 48-49, 284, 310, 334, 336 
phycoerythrocyanin (PEC) 148-149, 284, 296 
phycoerythrobilin 54 
phycourobilin 41, 48-49, 54, 284, 310 
phycoviolobilin 41, 49-50, 53-54, 284 
phylloquinone 254, 255, 259, 260, 265 
phylogenetic markers 
carotenoids 60 

phylogenetic tree 138, 139, 150, 288 
branching order 141 

LHC superfamily 18-19,21-23, 150-155,327 
outgroup 141, 143 
phycobiliproteins 149 
phytadienol 42 
phytatetraenol 42 
phytatrienol 42 

phytochrome 48, 50, 52, 416, 479, 480 
phytochromobilin 49, 50 




508 



phytoene 40, 59, 65 
CIS- 67 

desaturase 60, 63 
synthase 60 
phytofluene 40, 59-60 
phytol 35-36 

phytoplankton 60, 63, 68, 426, 428 
pigments 30-71 See also chromophores 
chromatography 69 
non-photosynthetic 430 
oligomers 200 
protective 56 
quantitation 67, 68 
spectroscopic analysis 68 
substitution 69 
pigment-lipid aggregates 202 
pigment-pigment 

interaction 71, 176,232,271 
pigment-protein 
interaction 71,232 
Pinus ponderosa 4 1 1 
Firms sylvestris 410 
Pisum sativum 383 
plane polarized light 93, 94 
plant morphogenesis 416 
plants 

antisense 269 
Plasmodium 1 7 
plastid factor 403 
plastocyanin 7, 258, 405 
plastoquinone 405 

pool 63,404,434,435,439 
Plectonema boryanum 410 
Pleuwchloris meiringensis 326, 328, 332 
P.nax 404 

point-dipole approximation 98, 99, 1 10, 271 
point-monopole 271 
polarization 47, 87 
polyethylene 

chromoatography columns 69 
polypeptide 309 
anchor 291-292 
LHCI 311,314 
LHC II 318 

phycobilisome linker 149, 290, 294, 297, 298, 3 1 1-312, 
472 

polyprenyl transferase 45 
Polysiphonia urceolata 296-297, 313 
Polysiphonia sordidum 297 
FOR. See protochlorophyllide oxidoreductase 
porphobilinogen 
deaminase 43, 44 
synthase 44 

Porphyra umbilicalis 308, 310 
Porphyra yezoensis 295 
ESTs 154 

Porphyridium 19, 144, 290, 292, 295, 308-314, 316-318 
porphyrin 

biosynthesis genes 142 
macrocycle reduction 47 



phototoxic 43 

post-translational import 354, 356, 456, 458 
PQ. See plastoquinone 
Prasinophyceae 38 
prasinoxanthin 40, 59 
precursor proteins 355, 356 
prenyl transferase 60, 63 
primary acceptor 42 
primary electron donor 242, 274 
triplet state 32 

Prochlowcoccus 13,42-43, 147-148,438 
phycoerythrin subunits 150 
Prochloron 13, 142, 147 
prochlorophyte 6, 13,35,48, 142-144, 147, 150 
Chi a/6 polypeptides (Pcbs) 13,147 
Prochlorothrix 13, 147 
prokaryotes See also bacteria, cyanobacteria 
photosynthetic 6-14, 134, 157-160 
symbiotic 35 

proplastid development 354 
Prorocentrum micans 3 1 5 
prospecting 
Cu 42 

Prosthecochloris 43, 208 
protease susceptibility mapping 202 
protective pigments 56 

length of the conjugation system 61 
protein See also polypeptide 
anchor 288,291-292 
chlorosomal 202 
export mechanisms 356 
high-light-induced 151 
hydrophobic transmembrane domains 356 
in vitro import 354 
membrane integration 362 
kinase 404, 435 
membrane insertion 460, 462 
nuclear-encoded thylakoid 354 
precursors 355, 356 
recruitment 137 
transport 
folded 361 
targeting phase 362 
protein-BChl interactions 178 
Proteobacteria See purple photosynthetic bacteria 
Proterozoic 160 

protochlorophyllides 37, 43, 46-47 
protochlorophyllide oxidoreductase (POR) 45, 366 
Protogonyaulax tamarensis 346 
protonation 299 
bilin 50, 54-56 
protoporphyrin IX 34, 44 
protoporphyrinogen IX 43, 44 
protoporphyrinogen oxidase 44, 365 
PS I. See Photosystem I 
PS II. See Photosystem II 
PsaA 9, 254-257, 259-262, 264-266, 402 
PsaB 9, 254-257, 259- 262, 264-266, 402 
PsaC 255-257, 260 
psaC gene 256 
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PsaD 255-257, 260, 266, 270 
PsaE 255-258, 260 
PsaF 255, 257-258, 265-266 
PsaG 255, 266 
PsaH 255, 266, 268, 270 
Psal 255, 257-258, 266, 270 
PsaJ 255, 257-259,261,266 
PsaK 255, 257, 259, 261, 266, 270 
PsaL 255,257-258,261,265-266,270 
PsaM 255,257-258,261 
PsaN 255, 266 
PsaO 255, 266 
PsaX 255,257-259,261,265 
PsbA 402 
psbAI 408 
psbAIII 408 
PsbB 9,221-222 
PsbC 9,221-222 
psbC gene 222, 414 
PsbD 221-222,402 
Psbl 222, 235 
PsbO 221-222,238 
PsbS 23, 151, 152,363,403 
PsbS gene 233 
PsbW 235 
PsbZ 23,221 
pseudo LHl 180-181 
puc genes 456 
pucD 464 
pucE 464 
PucC 461 
puf operons 452 
pw/promoter 454 
pufQ 463 
pufK 172,462 

pulse amplitude modulation fluorometry 374-399 
pulse-labeling 460 
pump-probe 119,228,433 

purple bacteria 6-8,38,43, 134, 143, 155-160, 170-188 
aerobic 60 

gene organization 452-459 
intracellular membranes 1 1 
light harvesting complex 
assembly 459-464 
regulation 450-465 
transcription initiation 453 

Q 

Q bands 46, 47, 426 
Q cycle 438 
309,316,440 
Q 3 377,440 

qE 379-387, 406 See also non-photochemical quenching 
activation energy 384 
zeaxanthin-dependent 385 
zeaxanthin-independent 385 

ql 382-383, 386-388 See also non-photochemical quenching 
qN 379-387, 405 See also non-photochemical quenching 



qP 380-381, 388-389 
quantum efficiency 3 1 , 388-391 , 404 
optimal 379 
potential 378-379 
PS I 390 

PS II electron transport 388 
quantum mechanical calculations 1 84 
quantum yield 101,430 
CO 2 assimilation 389 
maximum 430^31 
photosynthesis 382, 442 

quenching 101, 272 See also non-photochemical quenching 
coefficient 381-382 
energy-dependent 382-383, 406 
fluorescence 379-388 

initial fluorescence (F^ ) 385-386 
non-photochemical 23, 32, 63, 233, 379-388, 405-406, 
437, 442 

photochemical (qP) 380-381, 388-389 
photo inhibitory (ql) 382, 386 
singlet state 32 
state-transition 382, 386 
quinone 205-207 
isoprenoid 205 
47, 89,91 

q[ 47, 89,91, 104, 176, 178,271 
absorption band 35, 46 

R 

R-PC 3 10, 3 1 1 See also phycocyanin 
R-PE 310,311 See also phycocyanin 
radiation 
field 92 
UV-B 426 

radiationless decay 66 , 272 
radiationless transition 56 
T| to Sq transition 67 
radiative lifetime 53, 116 
radical pairs 33 
Raleigh scattering 107 
Raman scattering 66 , 107-108, 178 
Raphidophyceae 38 
RC. See reaction center 
RcaA 476 
RcaB 476 
RcaC 478-480 
RcaE 480 
RcaF 480 

reaction center 70, 135, 187, 199,254-256,259-262,270, 
431,440 

3-D structures of 11, 145, 235 

bacterial 237 

efficiency 2 

evolution 145, 157-160 

FeS-type 6-9, 145 

Photosystem I 255-256, 259-260 

Photosystem II 235-243, 309, 312, 440 

Q-type 6 - 8 , 145 




510 



recombination 32, 136 
reconstitution 38, 70, 154, 231, 459 
CP24 32, 136 
CP26 232 
LHCII 226 
recruitment 
protein 137 

red algae (Rhodophyta) 17-21,48, 148-149, 151, 154,282, 
297 See also rhodophyte algae 
antenna systems 308-319, 313 
red beds 132 

red chlorophyll 262-263, 269-272, 235, 275 
catabolite reductases 145 
redox 416 
poise 424 

potential 42,71,220 
regulation 203-207, 386 
sensing 455 
signaling 442 
state 405, 442 

redox-dependent regulation 204-207 
refractive index 66, 93, 98, 301 
regulatory system 
two component 478 
relaxation 236 
remote sensing 68, 426 
repair 405 

resonance energy transfer 100-101, 105, 108-111, 119 
resonance Raman spectroscopy 108, 225, 329 
respiratory complexes 12 
response regulator 478 
retrograde signal 416 
Rhodella reticulata 149 
Rhodella violacea 308, 3 1 1-3 12, 3 16, 3 19 
Rhodobacter capsulatus 63, 177, 180,450 
Rhodobacter sphaeroides 43,45^6,63, 172, 177-179, 181- 
183, 187, 451 
rhodochlorins 
conversion to 68 
Rhodomonas 326, 337, 339 
Rhodomonas CS24 297 
Rhodomonas lens 336 
Rhodomonas salina 337,338 
rhodophycean PE 310 
Rhodophyta 38 See rhodophyte algae 
rhodophyte algae 16-19, 19, 38, 50, 70, 

antenna systems 282-302, 290-291, 308-319 
rhodopin-/3-D-glucoside 40, 59 
rhodopin-l' -hydroxy 40,59 
rhodopinal, 13-cis 40, 59 

Rhodopseudomonas acidophila 36, 173, 174, 175, 176, 177, 
178, 181, 182, 183,450 
Rhodopseudomonas marina 1 82 
Rhodopseudomonas palustris 173,458 
Rhodopseudomonas viridis 11,31, 171, 1 87, 45 1 
rhodopsins 67 

Rhodospirillum molischianum 174-176, 182-183, 187,450 
Rhodo spirillum rubrum 5, 36, 171-172, 180, 182, 450 
rhodovibrin 40 



Rhodovulum sulfidophilum 143, 452 
Roseiflexus castenholzii 1 96 
Roseobacter denitrificans 453 
Roseococcus thiosulfatophilus 179 
Roseospirillum parvum 453 
rotational strength 87, 88, 90 
rpbA 475 
rRNA 

phylogenetic tree 132-133 
Rubisco 406,413-414,442 
Rubrivivax gelatinosus 111 

S 



(Jpgjj 431, 432 See cross-section, PS II 
S assimilation 404 
S-adenosylmethionine 43, 46 
Sq to transition 
carotenoid 65-66 
S, -state 

carotenoid 61, 66 
Schrodinger equation 124 
Scots pine 411 
Sec pathway 359-361 
secondary endosymbiosis 16-17, 48, 155 
SecYEG 360 
seedling development 226 
selection rules 66, 102 
Selenastrum minutum 405 
self-aggregation 200 
sensing 41,416 
Sepl 415 
Sep2 415 

sequence alignment 139 
Shemin pathway 42 
signal peptides 356 
signal transduction 454 
signaling events 416 
signature sequences 139 
single-photon 

counting 118,272 
timing 235 

singlet energy transfer 225 
singlet oxygen 31, 33, 61, 65, 67, 406, 407 
singlet state 111-113 
quencher 32 

singlet-singlet annihilation 111, 229, 230 
singlet-triplet mixing 274 
siphonaxanthin 40, 59 
siphonein 40, 59 
siroheme 43 

site-directed mutagenesis 460-46 1 
chromophore binding pocket 70 
site-energy differences 27 1 
Skeletonema 326, 330 
solvent 

extraction 68 
shift 66 
Soret 

absorption band 35, 36, 89, 426 
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spatial equilibration 230 
special pair 42, 236, 237 
spectral bandshapes 113-116 
spectral density 94 
spectral equilibration 230 
spectral heterogeneity 271, 273 
spectral irradiance 425 
spectroscopy 53 
0-0 transition 114 
absorption 85-86 
bilins 53 
carotenoid 63-67 
fluorescence 291 
fluorescence polarization 292 
high-resolution 70 
infrared 94, 101-102, 108, 114 
resonance Raman 178,225,329 
Stark 180 

time-resolved 70, 118-120 
spectrum 

photosynthetically useful 30 
Spermothamnion 313 
spheroidene 40, 59, 64, 65, 67 
pathway 61 
spheroidenone 40, 59 
spin-orbit coupling 112 
315 

spinach {Spinacea olemcea) 3 1 5-3 1 6 
spirilloxanthin 40, 59, 65, 182 
synthesis 61-62 
Spirulina platensis 293 
spontaneous pathway 363 
SRP54s 362 
stabilization 

pigments 33-34 
Stark effect 86, 180 
state 1 404 
state 2 319,404 

state transition 13, 19, 22, 266, 268, 318, 404, 434-436 
quenching 382, 386 
steady-state fluorescence 271,273 
stereochemistry 37, 52 
bilin 50 
carotenoid 63 

Stern- Volmer equation 101,381,382 
stimulated emission 93 
stoichiometry 409 
PS I/PS II 316 
Stokes shift 117,269 
streak camera 1 1 8 
streptophytes 1 7 
stress 403 
heat 377 
light 233 
PS II 378 

Strickler-Berg equation 117 
stroma targeting domains 356 
stroma thylakoids 2 1 

stromal and cytosolic fructose bisphosphatase 413 
stromal intermediates 356 



substituent effects 
carotenoid 65 
chlorophyll 36 
substitution 

matrix 139, 140 
pigment 69 
succinic acid 44 
sucrose 413 

sucrose phosphate synthase 413 
sulfur limitation 482, 483 
supercomplex 

PSII-LHCII 240, 243 
superfamily 
globin 288 

LHCII 18-19, 21-23, 150-155, 327 
superoxide 33, 205 
anion radical 407 
supramolecular organization 48 
surface mapping 
marker 71 

Symbiodinium 326, 340-342, 347 

Symbiodinium microadriaticum 347, 437 
Symbiodinium muscatinei 34 1 
Synechococcus 147-148 

Synechococcus sp.VCC 6301 290,292 
Synechococcus sp. PCC 7942 408, 414, 482-487 
Synechocystis 147,414 

Synechocystis sp. PCC 6701 297 
Synechocystis sp. PCC 6803 12, 137, 144, 155, 318, 480, 
487 
synthesis 

bacteriochlorophyll 43-^6, 142 
bilins 50-53 
carotenoids 60-63 
chlorophyll 43-46, 142, 364-367 
tetrapyrroles 42-46 
synthetase 

chlorophyll 366 
systemic acclimation 416 

T 

t-RNA«'" 42 
target analysis 344 
targeting phase 

protein transport 362 
TatC 

chloroplast 358 
E. coli 358 

tertiary endosymbionts 48 
3 ,4,3 ' ,4 ' -tetrahydro lycopene 65 
tetrapyrrole 34, 283 
absorption spectra 47 
biosynthesis 42-46 
open-chain 54 

absorption spectra 54, 55 
Tetraselmis subcordiformis 20 
thal 358 
Tha4 358,361 
tha4 mutant 358 
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Thalassiosira 315,326,330-31 
thermal energy dissipation 383, 384 
thermo-optic effect 224 
thioether-bond 50 
thiol 

addition to bilins 52 
thioredoxin 416 
thiotece 460 40, 59 
three-pulse photon echo peak shift 229 
thylakoid membrane 
chloroplast 18-23 
cyanobacterial 12-13 
ApH 384 
kinases 435 
targeting pathways 358 
Tic polypeptides 357 

time-resolved absorbance 70, 119-120, 184, 187,271 
time-resolved anisotropy decay 1 82 

time-resolved fluorescence 100-101, 103, 109, 116-119,272 
spectra 292, 301 
Toe polypeptides 357 
Tolypothrix tenuis 473 
Toxoplasma 1 7 

^ra«5'-A^-hexadecenoic acid 4 1 3 
trans-diQiiwQ genes 454 
transcription initiation 456 

purple photosynthetic bacteria 453 
transcriptional control 
Lhcb 440 
transduction 30 
transfer-to-the-trap-limited 243 
charge separation 239 
transient absorption 
changes 301 
depolarization 229 
spectroscopy 274 
transit peptides 356 

transition dipole 87-88,92,97-98, 102-103, 105, 112, 120- 
123, 122-123,264, 265 
magnetic 87, 89 
moments 47, 48 
transition energies 273 
translocation 
apparatus 353 
channel 360 
translocon 361 
transposition 136 
trap-limited kinetics 243 
trapping 262,271-275 
excitation energy 242-245 
Tree of Life 132-133, 141 
trimerization 223,318,409,413 
triplet state 32, 100, 103, 110, 111-113,210,274,406 
carotenoid 65, 67 
chlorophyll 274 
excitation transfer 31, 228, 274 
quenching 225 



triplet-minus-singlet 228 

Triton X-100 235,329 

twin arginine motif 358 

two component regulatory system 478 

two-photon excitation 66, 337 

u 

UDP-glucose 63 

urogen III See uroporphyrinogen III 
cosynthase 44 
uroporphyrinogen III 43, 44 
branch point 43 
decarboxylase, 43, 44 
synthase 43,44 
UV-B radiation 426 
UV-light photoreceptors 4 1 6 

V 

Van der Waals contact 325-226 
variable fluorescence 376-377 
rise of 377 

variance spectrum 427 
vaucheriaxanthin 40, 59, 326, 332 
VCR See violaxanthin-chlorophyll a-protein 
vector 106 

vegetative growth 416 
vertical mixing 429 
vesicles 

membrane transport 364 
vibrational mode 101,103 
vibronic coupling 66 
vibronic level 1 1 3 
vibronic transitions 63,113-115 
Chi fluorescence 
video imaging 392 
Vinca major L. 406, 4 1 1 
Vinca minor h. 412 
[8-vinyl]-chlorophyll a 13, 38, 42 
[8-vinyl]- chlorophyll b 13, 38, 42 
[8-vinyl]-protochlorophyllide a 41, 43, 46, 142-143 
8-vinyl pigments 35 
8-vinyl reductase 45 

violaxanthin 32-33, 40, 59, 61, 223, 226, 268-269, 316, 326, 
329,384, 402 
de-epoxidase 63, 384 
cycle 32, 63 

violaxanthin chlorophyll a-protein 333 
vitamin B , 2 43,457 

w 

water 

absorption of 30 
water-leaving radiances 426 
wave flicker 428 




wavefiinction 95,98, 112-114, 121-125 
nuclear 113 
wavenumber 93 
Web of Life 135 
wheat 413 
winter rye 413 

X 

X-ray diffraction 221 
Xanthophyceae 38 
xanthophyll 56, 265, 268, 437 

xanthophyll cycle 20, 22, 33, 225, 384, 406, 415, 436^38, 
442 

mutants 385 
PSII 223 
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f-carotene 39, 57 
desaturase 63 
dihydroxy 57 
Z-configuration 52 
Z-scheme 7 
Zeamays 389,391 

zeaxanthin 32, 40, 59, 61, 63, 268, 311, 313, 315, 384, 402 
-dependent qE 385 
-dependent ql 387 
epoxidation 63, 384 
-independent qE 385 
Zn-bacteriochlorophyll 37-40 
Zn-ProtoIX 39 
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